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prooeed ing to  
HIGHER DEGREES
35*1 A t h e s is  . . .  s h a l l  he e i th e r  a reoord o f  o r ig in a l work 
or an ordered and c r i t i c a l  e x p o s it io n  o f  e x is t in g  knowledge.
An e x c e lle n t  t r e a t i s e  o f  th e  re lev a n t th eory  and methods 
has a lrea d y  been p resen ted  by my c o lle a g u e , Dr. R.A.R. P earce.
I t  was f e l t ,  th e r e fo r e , th a t th e  emphasis o f  t h is  th e s is  
shou ld  b e, ra th e r , a d e ta i le d  account o f  th e  o r ig in s  o f  the  
conceptual and experim ental d e t a i l s  u n d erly in g  t h is  work.
ABSTRACT
A gen era l q u adratic  fo r c e  f i e l d ,  u s in g  th e  o v er la y  techn ique
d eveloped  by S ch ach tsch n eid er and Snyder^^^^, was determ ined fo r  the
in -p la n e  v ib r a t io n s  o f  Benzene and f i f t e e n  F lu o r in e  su b s t itu te d
Benzenes by th e  c y c l ic  refinem ent o f  th e  i n i t i a l  gu esses fo r  th e  fo rce
c o n sta n ts , known as th e  p ertu rb a tio n  method. I t  was n ecessa ry  to
assume a Kekule type C-C/C-C in te r a c t io n  r e la t io n
(R. R. J  = -(R . R. 0  = (R. R. .5) ,  as f i r s t  in troduced  by Scherer  
 ^ 1 1+1 1 1+2  ^ 1 1 + 3
F51and Overend . Removal o f  t h i s  c o n str a in t  gave r i s e  to  l in e a r
r e la t io n s h ip s  betw een th e  fo r c e  c o n sta n ts , and s a t is f a c t o r y  convergence
onto one fo r c e  f i e l d  was not o b ta in ed . The appropriate fo rce  con stan ts
r 9 I 0 lo f  th e  d erived  f i e l d  are compared w ith  th o se  ob ta in ed  by Duinker^  ^
fo r  th e  in -p la n e  v ib r a t io n s  o f  Benzene. A lthough th e  model used i s  
s im ila r  to  h i s ,  th e  t r a n s f e r a b i l i t y  co n d itio n  i s  a sev ere  ex tra  c o n s tr a in t ,  
and th e  ex ten t o f  agreement i s  b e t te r  than a n t ic ip a te d .
R eassignm ents o f  th e  fundam entals were made fo r  most o f  th e  m olecu les, 
and sp ec tra  were re-exam ined, where n ecessa ry , to  o b ta in  Raman p o la r is a t io n  
d ata , and vapour phase in fr a  red  band con tou rs.
B iphenyl i s  known to  be p lanar in  th e  c r y s ta l  and tw is te d  in
s o lu t io n .  The fo r c e  f i e l d  fo r  B iphenyl and two d eu terated  analogues
was r e f in e d  to  m inim ise (V ” ^calc^  * Assuming th a t th e  fo rce  f i e l d
does not change w ith  geom etry, th e  v ib r a t io n a l freq u en cie s  were c a lc u la te d
fo r  a n g les  o f  tw is t  in  th e  range 0 ° ^  S' ^  and an estim a te  obtained
fo r  th e  d ih ed ra l an g le  o f  th e  m oleoule in  s o lu t io n .
S im ila r  c a lc u la t io n s  were t r ie d  fo r  4 ,4*  d if lu o r o  B iphenyl, but as
th ere  i s  in s u f f ic ie n t  frequency data a v a ila b le ,  th e  r e s u lt s  were in c o n c lu s iv e .
R.H.C.
LIP PAS'?
The com bination bands a r is in g  from th e  o u t-o f-p la n e  deform ations  
o f  th e  C-H bonds o f  e ig h t F lu o r in e  s u b s t itu te d  Benzenes were in v e s t ig a te d ,  
to  measure th e  a b so lu te  in fr a  red i n t e n s i t i e s ,  and, by a l e a s t  squares 
a n a ly s is ,  to  d er iv e  v a lu es  fo r  bond moments and bond moment d e r iv a t iv e s .  
R eg retta b ly , s tu d ie s  were l im ite d  to  1 ,4  d if lu o r o  Benzene, and, because 
o f  experim ental d i f f i c u l t i e s ,  th e  in t e n s i t i e s  measured were so in accurate  
th a t i t  was im p o ssib le  to  o b ta in  r e l ia b le  v a lu es  fo r  th e  param eters.
A v a lu a b le  new tech n iq u e i s  cu r r e n tly  b e in g  developed by other  
w orkers. In a s o lu t io n  spectrum , bands a r is in g  from a deform ation
are observed to  s h i f t  in  frequency, and to  broaden when CH^ CIl i s  added 
to  th e  s o lu t io n .  The e f f e c t s  o f  t h is  phenomenon were in v e s t ig a te d  fo r  
a l l  e ig h t m o lec u les .
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Some A spects o f  Force Constant C a lcu la tio n s  fo r  th e Planar Normal Modes 
o f  Benzene
S e c tio n  1.1 In trod u ction
Over th e  p ast tw e n ty -f iv e  y ea rs , th e  fo rce  f i e l d  o f  Benzene has been ... . 
th e  su b jec t o f  some in te n s iv e  resea rch . Because th ere  i s  not s u f f ic ie n t  
frequency data a v a ila b le  on Benzene and i t s  is o to p ic  s p e c ie s  to  determ ine 
th e  most gen era l harmonic fo r c e  f i e l d ,  a number o f  d if fe r e n t  s e t s  o f  fo rce  
co n sta n ts  have been p u b lish ed . The most important o f  th e se  c a lc u la t io n s  
may be summarised in to  four main groups.
F l 1C a lcu la tio n s  by Crawford and Miller*- , u sin g  a m odified  va lence  
fo r c e  f i e l d  w ith  a number o f  in te r a c t io n  con stan ts s e t  to  zero , were 
r e v ise d  and m od ified  by Whiffen^^^, and th en  fu rth er  r e v ise d  by Albrecht^^^.
C a lcu la tio n s  based on a Urey Bradley model, by C alifano and Crawford^^^,' 
were r e v ise d  and m odified  by Scherer and Overend^^^, and fu rth er  r e v ise d  by
F 6 ]  'Scherer
r g
R ecen tly , Scherer ’ p u b lish ed  an a lt e r n a t iv e  m odified  va lence
fo r c e  f i e l d ,  which d i f f e r s  co n sid era b ly  from W hiffens.
Although a l l  o f  th e se  fo r c e  f i e l d s  g iv e  a s a t is f a c t o r y  f i t  to
frequency data on Benzene and most o f  i t s  d eu terated  is o to p ic  s p e c ie s ,
and can be tr a n sfe r r e d  (w ith  th e  n ecessa ry  a d d itio n s) to  o ther arom atic
m olecu les d erived  from Benzene, th ey  le a d  to  in co r rec t c a lc u la te d  va lu es
fo r  th e  C o r io lis  z e ta  con stan ts o f  Benzene and Hexadeutero Benzene r e la t in g
th e  two components o f  th e  Ep^ sp e c ie s  v ib r a t io n  0   ^ which have been
F8i
rep orted  by Callomon et a l  and so th e  problem was re-exam ined by
r g l  F lO l
Mills*- and Duinker*- u s in g  a m od ified  va len ce  fo rce  f i e l d  based on
F i l l
th e  hybrid  o r b ita l  model, developed by Mills*- -*. While t h is  i s  considered
16
to  be th e  most r e l ia b le  fo r c e  f i e l d  fo r  th e  in -p la n e  v ib r a tio n s  o f  
Benzene, a c lo s e  exam ination o f  th e work done by W hiffen i s  very  n ecessary ,
as th e framework o f  th e problem and i t s  s o lu t io n  i s  presen ted  t h e r e . ,
The v ib r a t io n a l problem fo r  p lanar m olecules can be con sid erab ly  
s im p lif ie d  by fa c to r is in g  th e Secu lar M atrix to  sep arate  the in -p la n e
r i2 iand o u t-o f-p la n e  v ib r a t io n s . F o llow in g  Herzberg , the x and y axes 
l i e  in  th e p lane o f  th e  m olecu le, and th e  z a x is  i s  perpendicu lar to  i t .
When th e se  axes are r e f le c t e d  a t th e  p lan e ,
% .. X y  ' s ' :
An in -p la n e  in te r n a l coord inate  ( i . e .  a bond s tr e tc h , an angle  
bend, or an in -p la n e  an g le  bend) in v o lv e s  motion in  th e  x and y  d ir e c t io n s  
o n ly . On r e f l e c t io n  a t th e  p lan e ,
R. R.
An o u t-o f-p la n e  in te r n a l coord inate  ( i . e .  an o u t-o f-p la n e  angle bend, 
a to r s io n  or a s p e c ia l  to r s io n )  in v o lv e s  m otion in  th e  z d ir e c t io n  o n ly .
On r e f l e c t io n  a t th e  p lan e ,
R. _R.
On r e f l e c t io n  a t th e  p lan e , th e  terms in v o lv in g  R^  and Rj in  the  
K in e tic  and P o te n t ia l Energy exp ression s change s ig n ,
f .  .dJR.dR. — - f .  .dR.dR.1 J i , j  1 0
17
Sin ce th e  K in e tic  and P o te n t ia l E nergies must he in varian t under 
a l l  symmetry op eration s
= °  h , j  = °
I f  P  ^ i s  th e  momentum conjugate w ith  R^, then  s in c e
i t  a ls o  fo llo w s  th a t g. . = 0
1, J
T herefore th e  G and F m atrices can each he fa c to red  in to  two b lo ck s ,
«
G and G , and F and F . Thus xy z ’ xy z
G 0 F 0 G F 0xy xy = xy xy
0 G 0 F 0 G Fz z z z
When th e  in -p la n e  v ib r a tio n s  are con sid ered , on ly  th e  G and F. xy xy
m atrix need to  be co n stru cted .
R a d c lif fe  and Steele^^^^ f i t t e d  a 15 parameter fo rce  f i e l d  to  the  
fundamental freq u en c ies  o f  th e  o u t-o f-p la n e  v ib r a tio n s  o f  Benzene, Fluoro 
Benzene, 1 ,4  d if lu o r o  Benzene and t h e ir  f ü l l y  deu terated  analogues, which 
formed th e s ta r t in g  f i e l d  fo r  th e c a lc u la t io n s  o f  Pearce^^^^, who then  
f i t t e d  a 23 parameter fo rce  f i e l d  to  th e  o u t-o f-p la n e  v ib r a tio n s  o f  20 
F lu orin e s u b s t itu te d  Benzenes.
The work rep orted  in  t h is  t h e s i s  i s  concerned w ith  th e  o ther h a lf  
o f  th e problem -  th e f i t t i n g  o f  a fo rce  f i e l d  to  th e in -p la n e  v ib ra tio n s  
o f  t h i s  s e t  o f  F lu or in e  s u b s t itu te d  Benzenes ( le s s  th e  th ree  m olecules 
1 ,2 ,3 - ,  1 ,3 ,5 -# ^ "  1 ,3 ,5 -D 2 - tr if lu o r o  Benzene) ,
S e c tio n  1 .2  Nomenclature and R elated  M atters fo r  th e Benzene M olecule
r io i  r ? iBoth in  t h i s  work and th a t o f  Duinker*- W hiff en*- -* has been fo llow ed
in  th e  conventions used fo r  th e o r ie n ta t io n  o f  th e  a x es , th e d e f in it io n  o f  
th e  in te r n a l d isp lacem ent co o rd in a tes , and, w ith  one r e se r v a tio n , exp la ined  
in  d e t a i l  la t e r ,  th e  symmetry co o rd in a tes .
Nomenclature
The co rrect symbolism fo r  th e d e sc r ip t io n  o f  in te r n a l fo rce  constants  
i s  o f  the form
-  * j - l )
and i s  e x p l i c i t  and unambiguous. I t  i s ,  however, very cumbersome to  w r ite ,
and a p r in t e r ’s n ightm are. W hiffen in troduced  a s e t  o f  L atin  fo rce
c o n sta n ts , which were adopted, or ra th er adapted, by Duinker.
In t h i s  work, i t  was n ecessa ry  to  s p e c ify  not on ly  the su b stitu e n t
in vo lved  in  th e  deform ation , but a ls o  th e  environm ent. Use o f ^ h e  formal
symbolism would have been ex ceed in g ly  complex and so a condensed form o f
F l5 lsymbolism was introduced*- -*.
D iagonal fo r c e  con stan ts  are rep resen ted  by th e symbol fo r  the  
coord inate a lo n e . The su b s t itu e n t  i s  in  p a ren th eses . Post su p erscr ip ts  
show th e  s u b s t itu e n ts  in  th e ortho p o s it io n .
In te r a c t io n  fo rce  con stan ts are rep resen ted  by en c lo s in g  the symbols 
fo r  th e two in te r n a l deform ation coord in ates in  p aren th eses . The r e la t iv e  
p o s it io n s  o f  th e  coord in ates are in d ic a te d  by su b scr ip ts  on the sym bols. 
Each su b scr ip t r e fe r s  to  th e  carbon atom o f  th e r in g , e ith e r  to  which the  
th e  su b s titu e n t  in vo lved  in  th e m otion i s  a tta ch ed , which forms th e  cen tra l  
atom o f  th e a , or i s  th e  f i r s t  atom counting clock w ise  o f  R.
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Ar.(AE. + AR._i) 
^ j(A R j+ l + ARj_2) 
Ar , (AR.^2 + AR._3)
(ri(H ) Ri)
^0 10 V j ( * R j  + (« i Ri)
jo ro 3 . (AH. -  AR._^) (3i(H ) Ri)
'V
V ToP . (AR.^^ -  AR._^) (Pi(H) %i+l)
> " o b  ("^j+2 -  ^ j _ 3 )  .




, R a . ■ Ar . ^ ■ '• ■ ;• - 
%o«j + A r._ ,X  
"o9j -  Ar,_^)
=o9j (Arj+2 -  Ar,_2)
(« i  i-i (H)) ■
n0
■\J
% (°y+ i “ “ j-1^ (3i(H) “i+1^
TABLE 1.1 Comparison o f  th e symbolisms used by W hiffen, Duinker and Eaton,
fo r  th e  Benzene fo rce  f i e l d .
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Table 1 shows, fo r  th e  Benzene fo rce  f i e l d ,  th e  formal symbolism, 
th e  L atin  fo rce  con stan ts  in troduced  by W hiffen, Duinker*s adaptation  o f  
th e s e , and th e symbolism adopted in  t h is  work.
O r ien ta tio n  o f  th e Axes and numbering o f  th e  Atoms
In th e eq u ilib riu m  co n fig u ra tio n , Benzene has a regu lar planar  
hexagonal s tru c tu re  w ith  symmetry D^^. In accordance w ith  the  
recommendations o f  Mulliken^^^^, th e z a x is  i s  chosen to  co in c id e  w ith  
th e  Cg a x is ,  and th e  y a x is  p asses through carbon atoms 1 and 4» i f  the  
carbon atoms are numbered 1 to  6 in  c lock w ise  order as viewed from a point 





- P ig . r.1
D e f in it io n  o f  th e  In te rn a l Deform ation Coordinates
The CARTESIAN coord in ates fo r  m otion o f  the i^^ carbon atom from i t s  
eq u ilib r iu m  p o s it io n  in  th e  r a d ia l ,  th e  z , and th e  m utually perpendicu lar  
d ir e c t io n  counted p o s it iv e  in  a c lock w ise  sen se  may be taken as 
and U. and lik e w ise  fo r  th e H atoms r . ,, z.  and u.  .1 I ’ l l
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The VALENCY or INTERNAL DEFORMATION co o rd in a tes , known th e r e a fte r  as'. 
INTERNAL .COORDINATES, are d efin ed  in  W ilson, D ecius and Cross^^^^,
Chapter 4» The in -p la n e  deform ations are
R  ^ s tr e tc h in g  o f  the C^  -  C^^  ^ 'bond
r . s tr e tc h in g  o f  th e C. -  H. bond
1 1 1
a. in c r e a se  o f  th e  r in g  an gle C. . -  C. -  C. ^
1 1 - 1  1 1 +1
3. bending o f  th e  C. -  H. bond r e la t iv e  to  th e ex tern a l b is e c to r  o f
1 1 1
th e C. . -  C. -  C. . a n g le . 6. i s  d efin ed  to  be p o s it iv e  when the
1 - 1  1 1 +1  "i
H atom moves towards th e  C. , atom.
1 -1
The in te r n a l coord in a tes can be expressed  in  terms o f th e  right-handed  
system  R, Z, U as
Ri .  (2 -1 ) (Ri + R .+ ,) _ (32 2-1) OüL _ U .+ ,)
Pi = ?i^-Si
«i = (3* 2"^ ) (Ri_i -  2Ri + Ëi+i) i  (2-1) (Ui_i -  Ui i^)
Pi = Ui -  Ui + (3*  4 -y  ) (Ri_i Si+i) + (4- }  ) (Oi_i + 2Ui + Ui+i)
where
r  = ^o/®o
R i s  th e  C. -  C. . d is ta n ce  o 1 1+1
r i s  th e C. -  H. d is ta n c e ,  o 1 1
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TABLE 1.2  Symmetry P ro p er tie s  o f  th e Planar Normal Coordinates o f
Benzene under th e Symmetry O perations o f  th e  Point Group B6h-
E 2^6 2=3 =2 302^ SCg" i 2S3 2^5 ^h / ^ v
1 1 1 1 1 1 1 1 1 1 1 1
^ 2g 1 1 1 1 -1
-1 1 1 1 1 -1 -1
^ 2g 2 -1
-1  2 0 0 2 -1 -1 2 0 0
®1u 1 -1 . 1 -1 1 -1 -1 1 -1 1 0 -1 1
®2u 1 -1 1 -1 -1 1 -1 1 -1 1 1 -1
2 1 -1  - 2 0 0 - 2 -1 1 2 0 0
Normal Coordinate R ep resen ta tion
The p lanar v ib r a t io n a l normal coord inate rep re se n ta tio n  i s
r  + 462g + + Ztgu. +
The r o ta t io n a l normal coord inate  r e p r e se n ta tio n  i s
r  = ^2g + Gig
The tr a n s la t io n a l normal coord inate rep re se n ta tio n  i s
r  + ®iu-
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Removal o f  th e  Redundant Coordinate
The e lim in a tio n  o f  the redundancy in  the s p e c ie s ,  which a r is e s  
because th ere  are on ly  21 independent p lanar symmetry co o rd in a tes , has 
le d  to  co m p lica tio n s . I f  th e four redundancy symmetry coord inates
are denoted S^g, 8^^, th e redundancy i s  then  removed by th e
orthogonal tran sform ation
= ^ +1 -1 S ' ;
8r +1 +1
f '2 1 .
( 1)
where S i s  th e  redundant coord in ate , id e n t ic a l ly  equal to  zero .
r l lCrawford and M ille r  used t h is  tran sform ation , b u t 'th e ir  use o f  the
same n o ta t io n  fo r  th e symmetry coord in ates b efore and a f t e r  transform ation
lea d s  to  co n fu sio n . Whiffen^^^ used th e coord inates S^g, 8^^ and S^g
d ir e c t ly ,  which amounts to  u s in g  a non-orthogonal m atrix .
In order to  ob ta in  th e  co rrect r e la t io n  between th e s ig n s  o f
observed and c a lc u la te d  z e ta  con sta n ts  Ç , i t  i s  important to  fo llo w
O
th e convention  recommended by Boyd and Longuet-Higgins^^^^ which req u ires  
th a t
=6(Sja + i  Sjt) = ® (Sja + S .p  Cg (2a)
where 0''= +2tt/ 6 fo r  an E^  s p e c ie s ,  and +4tt/ 6 fo r  an Eg s p e c ie s .
W hiffen 's Table 1 im p lies  th a t th e  coord inates ( S . » S ) i  = 18,19J a. J D
and 20 a l l  transform  under a l l  th e symmetry op eration s o f  the po in t group 
l ik e  th e  components o f  th e  d ip o le  moment (yu^, yu^) in s te a d  o f  (yuL -yu.^) . 
W hiffen 's d e f in it io n  o f  th e  Eg^ sp e c ie s  coord inates 8 ^ , Sy, Sg and 
do not fo llo w  th e convention  as th ey  s a t i s f y  -4 " ïf/6 . M ills^^^  
thought to  rev erse  th e s ig n s  o f  th e se  coord in ates (whenever p o ss ib le )  for  
a l l  i s o t o p ic  s p e c ie s .  In th e sym T rideutero Benzene m olecu le, th e  E^^
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Planar symmetry coord in ates fo r  Benzene; in c lu d in g  redundancy .. [9 ]
Dôh C lass Sym. Coord.
c o e f f ic ie n t  
1 2 3
fo r  i
4 5 6 N In t. Coord.
A, S , 1 1 1 1 1 1 6"^ T?1g 1





^2g ^3 1 1 1 1 1 1 6“^ Pi
Sl2 -1 1 1 6 - “i
S l3 -1 1 1 1 r . 1
S i4 -1 1 1 1 6 ^ R.1
^15 -1 1 1 1 6"^ o Pi
®2g S?a -2 1 1 -2 1 1 12"*
2"^
r . 1
0 O jt 0 1 r .•1
®8a -1 2 -1 2 12"* R.1 ■
®8b -1 0 1 -1 0 1 ■ 2"  ^ ■ Ri
Sga 0 1 0 2'^ Pi
S gt 2 2 12"* Pi
®6a -2 1 1 -2 1 12*" ■ “i
S6b 0 1 0 1 2 - ' “i
®1u ®l8a 0 1 1 0 2-1 Pi
^l8b 2 1 -2 1 12"* Pi
, S 'ig a -1 0 1 T 0 2-1 Ri
S'19b 1 2 1 -1 -2
1
12 ^ Ri
SgOa —2 -1 1 2 1 12"* r . 1
S20b 0 1 1 0 -1 2 ~ ^ ^ i
S 'a ia -2 -1 2 ■ 1 12"* “i
S'21b ■ o' 1 1 0 -1 2 -  1 “i
W hiffen removes th e  E^^ redundancy, and u ses coord inates
^ l8a ' ^ l8 h ’ ^ * l9 a ’ ^20a’ ^20b
Duinker rev e rses  a l l  th e  s ig n s  o f  th e  E„ s p e ç ie s .
Table 1 .3
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and Egg, s p e c ie s  o f  merge to  form th e E^  sp e c ie s  o f  and i f  a l l
th e  seven  p a ir s  o f  (S . , S . , )  coord in ates are to  form a correct b a s isja  j D
fo r  th e  E* s p e c ie s  w ithout m o d ific a tio n  th ey  must be chosen in  th e way 
th a t W hiffen chose them -  so th a t th ey  contravene th e convention  in  the  
Egg s p e c ie s .  A pplying the op eration  a second tim e to  both s id e s  o f  
( l )  g iv e s  (s in c e  = C )^
C3 (S ja  +  i  S . p  = + i  S .^ ) C3 ( 2t )
I f  th e coord in a tes in  th é  Egg s p e c ie s  are chosen to  s a t i s f y  0 '=  + 2 t t / 3  
in  (2a) then  2 0' = + 4 t t /3  = -2T r/3  (mod 2 t t )  in  (2b) which contravenes 
th e  convention  fo r  th e  D>, po in t group. There i s  no s o lu t io n  to  th is  
paradox: i f  th e  Eg^ coord in ates are chosen to  s a t i s f y  th e convention  in
^6h’ w i l l  not s a t i s f y  i t  in  and v ic e  v ersa . I t  i s  e a s ie r  to
r e ta in  W hiffen 's d e f in it io n s  o f  th e symmetry coord inates and to  rev erse  
th e s ig n  o f  a l l  c a lc u la te d  ze ta  con stan ts in  th e  Eg^ s p e c ie s  b efore  
comparing w ith  th e  "observed" v a lu e s , which are obtained  by an a ly sin g  a 
spectrum making use o f  c e r ta in  S e le c t io n  r u le s  in  order to  deduce the  
energy le v e ls  from th e  s p e c tr a . However th e energy le v e l  formulae and the  
s e le c t io n  r u le s  are based on th e  assum ption th a t th e convention  has been 
c o r r e c t ly  fo llo w ed  in  d e f in in g  th e  coord in ates and the ze ta  con stan t, and 
r e v e r s in g  th e  convention  proves to  be eq u iva len t to  rev ers in g  th e  s ig n  o f  
th e  e f f e c t iv e  ze ta  co n sta n t.
Duinker^^^^ p referred  to  rev erse  th e  s ig n s  o f  th e  Eg^ s p e c ie s .
S e c t io n  1.3  The Force Constant D isp lay  Method
Before d e sc r ib in g  in  d e t a i l  th e  work o f  Whiffen^^^ and Buinker/M ills^^^  
i t  i s  n ecessa ry  to  show th a t because th e frequency data i s  not s u f f ic ie n t
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to  u n iq u ely  d e fin e  th e  symmetry (and hence th e in te r n a l)  fo rce  co n sta n ts , 
i t  i s  th e  way th e c o n str a in ts  on th e fo rce  f i e l d  were chosen th at le d  
to  two com p lete ly  d if fe r e n t  fo rce  f i e l d s .
I f  th e  problem o f  determ ining th e fo rce  constant parameters o f  an 
assumed typ e o f  f i e l d  from v ib r a t io n a l data i s  expressed  in  a s u ita b le  
symmetry coord inate  b a s is  s e t ,  then fo r  a sp e c ie s  o f  order 2, th ere  i s  
a sim ple way o f  r ep re se n tin g  th e fam ily  o f  a ccep tab le  s o lu t io n s .
I f  th e  v ib r a t io n a l data fo r  a 2 x 2 sp e c ie s  o f  both Benzene and 
Hexadeutero Benzene i s  con sid ered , th en , to  ob ta in  in form ation  a d d itio n a l 
to  th a t d erived  from th e  Benzene v ib r a t io n a l data , the is o to p ic  
s u b s t itu t io n  must produce changes in  th e v ib r a t io n a l freq u en cies o f  that 
s p e c ie s .  The product r u le  (exp la in ed  in  a la t e r  ch ap ter), which r e la te s  
th e  freq u en cie s  to  th e  n u clear  masses and geometry, im p lies  th a t th ere  
are on ly  th ree  independent p ie c e s  o f  v ib r a t io n a l d ata . The experim ental 
freq u en cie s  w i l l  be su b jec t to  experim ental u n c e r ta in t ie s  and w i l l  a lso  
e ith e r  be uncorrected  fo r  anharm onicity or have been corrected  u sin g  a 
c o r r e la t io n  fa c to r  o f  some s p e c i f i c  u n c e r ta in ty . To produce th e b est  
f i t  o f  param eters to  d ata , a le a s t  squares a n a ly s is  i s  th ere fo re  req u ired .
A second, much more se r io u s  d i f f i c u l t y  a r is e s  because o f  th e  quadratic  
nature o f  th e  problem. The se c u la r  equation  may be w ritten
*^ 11 ^11 ^12 ^ 12” ^ ’ ^11 ^12 ^12 ^22 
G^2 + Gg2 G^ g + Ggg Fgg-7y
=  0
The G elem ents and th e  ro o ts  "X are known. In conjugation  w ith a th ir d  
eq-oation fo r  th e  i s o t o p ic a l ly  s u b s t itu te d  m olecules th e F . . are d er ivab le  
from a quadratic  equation  in  G and *X . Thus two s e t s  o f  equations are 
found, both a ccep ta b le  on m athem atical grounds. The fo rce  constant 
d isp la y  graphs show, fo r  each is o to p ic  s p e c ie s ,  th e  com plete fam ily  o f
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fo r c e  f i e l d s  which reproduce th e  two v ib r a tio n  wavenumbers as a fu n ctio n  
o f  one fr e e  param eter, which we take to  be th e  in te r a c t io n  fo rce  
c o n sta n t. The two s e t s  o f  curves should in te r s e c t  fo r  th e same value  
o f  F^g. Their f a i lu r e  to  do so i s  a measure o f  the in c o m p a tib ility  o f  
th e  two s e t s  o f  freq u en cies  to  a quadratic fo rce  f i e l d .  Whether the  
s o lu t io n  i s  w ell-d eterm in ed  or whether i t  s t i l l  le a v es  a la rg e  am biguity  
in  th e  param eters depends on th e  angle under which th e  e l l ip s e s  fo r  the  
i s o to p ic  m olecu les in t e r s e c t .
In m atrix n o ta tio n , th e  frequency parameters X ^ are th e eigen va lu es  
o f  GF or
GF -  E *X
GFL = L A
=  0
( 1)
GF i s  not sym m etric. Because G i s  a p o s it iv e  d e f in it e  symmetric m atrix, 
th e  low er tr ia n g u la r  m atrix A can be c a lc u la te d  such th at
AA = G ( 2)
( l )  transform s to
(a 'fa) A"^L = a"' l a-1 (3)
From ( 3) i t  fo llo w s  th a t th e e igen va lu es o f  (A FA) are th e  same as th ose  
o f  GF. Furthermore, A^FA i s  symmetric; th ere fo re  the m atrix th at  
d ia g o n a liz e s  A^FA i s  an orthogonal m atrix P. P i s  chosen to  be
P = cos Y -  s in  Y
s in  Ÿ  cos Ÿ
A FAP = P A or
(4)
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A whole fa m ily  o f  so lu t io n s  ( a l l  o f  which reproduce
th e  two freq u en cies) , can he c a lc u la te d  in  a sy stem a tic  way hy c a lc u la t in g  
th e  r ig h t hand s id e  o f  (4) fo r  a range o f  R v a lu e s , in se r tin g - fo r . the : - V:
d iagon al elem ents o f  A  , th e  va lu es  7^  ^ (ohs) and "X^Cohs).
Of th e s ix  symmetry sp e c ie s  fo r  Benzene, th ree  are o f  order 2 .
An estim a te  o f  th e  symmetry fo rce  con stan ts fo r  th ese  sp e c ie s  can he 
ob ta in ed .
A. s p e c ie s  
--------------
The coord in ates in vo lved  are S^(r) and S ^ ( r ) , The observed
-1  -1freq u en cie s  are 3073 and 993 cm fo r  Benzene and 2303 and 945 cm fo r
Hexadeutero Benzene. Because th e product ru le  f a i l s  fo r  th e observed  
wavenumbers, th e  in te r s e c t io n  between th e two p a ir s  o f  curves do not 
l i e  one above th e  o th er , and so a v e r t i c a l  l in e  cannot be drawn in  
through the two p o in ts  o f  in te r s e c t io n ,  which would d e fin e  an accep tab le  
fo r c e  f i e l d  fo r  both  is o to p ic  s p e c ie s .  As th e  in te r s e c t io n s  occur a t a 
sm all a n g le , s a t is f a c t o r y  compromise s o lu t io n s  are g iven  by fo rce  f ie ld s  




F  ^  ^ = 7 .9  to  7 . 6  md/A
F ^_2 = - 0 . 9  to  0 .0  " 
Fg_2 = 5*0 to  9 .1  "
F ig . 1 .2 F^_2md/A
—  %
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s p e c ie s  1u ______
The coord in ates in vo lved  are and S^^(r) . The observed
freq u en c ie s  are 3057 and 1010 cm"  ^ fo r  Benzene, and 2285 and 970 cm’~^  
fo r  Hexadeutero Benzene. Again th e  in te r s e c t io n s  occur at a narrow 
a n g le , and a ccep ta b le  fo rce  f i e l d s  are g iven  by con stants in  the fo llo w in g  








^12-12 “ 0 . 6 5  to  0 .6 7  m d/i
p
^12 13 “ to  0 . 0 5  md/A
^13-13  ~ 5"30 to  5 .0 5  md/A
-1 + 1




Bp^ s p e c ie s
The coord in ates in vo lved  are S^^(r) and S^^(j3) . D isplacem ents in
S . .  carry th e  s tru c tu re  o f  th e  m olecule towards one or other o f  th e  two
Kekule^ s tr u c tu r e s  and i t  i s  g e n e r a lly  assumed th a t such d isp lacem ents .
w i l l  correspond .to  a low er fo rce  constant than norm ally expected  fo r  a
r lOlC-C r in g . F o llow in g  th e  Mair and Hornig assignment^ , rath er than th a t
r 20 211 — 1o f  Ingold  ’ th e  observed freq u en cie s  are 1309 and 1146 cm fo r
Benzene and 1282 and 824 cm  ^ fo r  Hexadeutero Benzene. The in te r s e c t io n s
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between th e  Benzene and Hexadeutero Benzene curves occur a t a sharper 
a n g le , which im p lies  two d is t in c t  a lte r n a t iv e  s o lu t io n s  to  the fo rce  
f i e l d ,  corresponding to  th e  in te r a c t io n s  on th e l e f t  and th e r ig h t o f  
th e  f ig u r e  r e s p e c t iv e ly .




0 . 2 0 .3 0 . 60 .4 0 .5 0 .7
F ig . 1 .4 F 14-15
md/A
  ° 6®6
-------
F
14-14 = 3 .9 4  md/A
^ 14_ 1 5 = ^ - 3 0  "
0 .8 2 2  "
or
^14-14 = 4 . 3 4  mdA
^ 1 4 - 1 5 = ^ - ^ ^  " 
0 .8 2 4  "
f2 lWhiffen*- chose th e  f i r s t  s o lu t io n ,  because o f  th e  sm aller  in te r a c t io n
,[9 , 10]fo r c e  c o n sta n ts , and Duinker^ chose th e  second because the va lu es are
c o n s is te n t  w ith  h is  c a lc u la te d  va lu es  fo r  th e s p e c ie s .
The other th ree  sp e c ie s  are as fo llo w s
Ag sp e c ie s  
—Liü_________
As th ere  i s  on ly  one coord inate in  th e  symmetry species,c?no  
am biguity a r i s e s .  The motion rep resen ts  tw is t in g  o f th e  H atoms aga in st  
th e  r in g . In Benzene th e  frequency occurs a t 1350 cm in  Hexadeutero 
Benzene a t 1059 cm ^. The two freq u en c ies  f i x  F^_^at 0 .863  md/A.
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s p e c ie s
The fou r p a ir s  o f  co o rd in a tes  in v o lv ed  are S^ (a), S ^ (r), Sq( r) and 
S^(p) and the most gen era l harmonic fo r c e  f i e l d  co n ta in s 10 independent 
fo r c e  c o n sta n ts . The fo r c e  f i e l d  i s  thus very  much under-determ ined by 
the a v a ila b le  d a ta . In a d d itio n  th ere i s  no sim ple method o f p lo t t in g  
out the accep ta b le  fam ily  o f  so lu t io n s  to  the fo rce  f i e l d  in  the manner 
used  fo r  the (2 x 2) s p e c ie s :  indeed the data a v a ila b le  le a v e  fr e e
param eters in  the fo r c e  f i e l d ,  so th a t the fam ily  o f  a ccep tab le  fo rce  
f i e l d s  must be s e v e r a l- fo ld  i n f i n i t e .  A dd ition al in form ation , not 
a v a ila b le  to  W hiffen, i s  g iv en  by data on the C o r io lis  constant ^
(denoted ^ ^  fo r  b r e v ity )  fo r  both Benzene and Hexadeutero Benzene.
„  o
E^^ sp e c ie s
A fter  e lim in a tin g  the redundancy., t h i s  sp e c ie s  co n ta in s the three  
coo rd in a tes  S^g(p), S^^(a and R) and S^gCr) and th ere are thus s ix  
independent fo r c e  co n sta n ts  in  th e most gen era l harmonic fo rce  f i e l d .
The wavenumbers o f  the fundam entals o f  Benzene and Hexadeutero Benzene 
le a v e  co n sid era b le  freedom in  the ch o ice  o f  th ese  s ix  fo rce  con stan ts and, 
as fo r  the E^^ s p e c ie s ,  th ere  i s  no sim ple way o f  rep resen tin g  the fam ily  
o f  accep ta b le  s o lu t io n s  to  the fo r c e  f i e l d  analogous to  the fo r c e  constant  
d isp la y  graphs fo r  the ( 2 x 2 )  s p e c ie s .  Duinker found, from t r ia l  
c a lc u la t io n s , th a t one w ell-d eterm in ed  ze ta  con stan t fo r  any one o f  the  
th ree  fundam entals o f  t h i s  sp e c ie s  would g r e a t ly  l im it  the fam ily  o f  
accep ta b le  fo r c e  f i e l d s .  ^
U n til about f iv e  y ea rs  ago, W hiffen 's f i e l d  was accepted  as the b est  
approxim ation which cou ld  be made on the frequency data a v a ila b le  fo r  Benzene 
and i t s  deuterium su b s t itu te d  an alogu es, and tra n sferen ce  o f the fo rce  
: c o n sta n ts  to  o th er system s in v a r ia b ly  produced good frequency d ata . '
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However, when a f i r s t  order C o r io lis  con stant fo r  one o f the e^^
v ib r a t io n s  o f  both Benzene and Hexadeutero Benzene was reported  by
Callomon e t  a l ,^ the f i e l d  f a i l e d  to  reproduce the d a ta . As t h is
z e ta  con stan t p rov id es a con sid era b le  r e s t r i c t io n  on the p o s s ib le  form
o f  the normal v ib r a t io n s  in  the s p e c ie s ,  which are o f  p a r tic u la r
fo IQ 1
in t e r e s t ,  Duinker and M ills  * were prompted to  re-exam ine the problem
a s a w hole. An attem pt i s  now made to  d escr ib e  the approach used in  
th ese  two s tu d ie s .
S ec tio n  1 .4  W h iffen 's Benzene Force Field^^^.
F ollow ing  the nom enclature o f  Crawi'ord and M iller  (1949)^^^- fo r  the  
p lan ar fo r c e  co n sta n ts , the p o te n t ia l  energy V, expressed  in  symmetry
c o o rd in a tes , i s  g iv e n  by
2V = A , S2 + A s  + A 3 (S |a  + 4 ^  +  ^^ 4  + s 'lg b :
+ / 1  1 Sg + -O-g + A  3 (s^a,+ 8^^) +41 4  ®^20a ^201)^
+ r  1 S3 + r  2 ^  4  ( < 8 a +
+ ^ 2  8^2 +  2 3 ( 8^ ^ +  4 )
3 / 2
 ^ 5 1 ^1^2  ^ ^  3 ^8a ^7b %b^  ^ 5  4 ^^19a ^20a '^ ^ 19b^20b^
+ 2 X   ^ (Sga Sga * ^6b ^8b^
+ 2TT 3 (S6a : 9a + Sat 8,^ )  ^
+ 2yUg + 2^ ^  (Sga + ^8b 4 ^^l8a Si^&+ ^ i8b S l9b^
+ 2 ^ /^ s^ z  8 , ,  + R - y ,  ( 8aa 87a + Sat 3?%)
+ 2 Y  3 ( 8y^ 8^^ + S^t S^t) + 2 Y  ^ (S^g^ SgQa + S^g^ S^Qt)
+ o u t-o f-p la n e  terms
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Because th ere are fa r  too many param eters in  the and E^ .^  
c la s s e s  to  he determ ined from the frequency data , i t  i s  n ecessary  to  s e t  
param eters which are expected  to  he sm all to  zero
5 3 Sgg r i /R i
5 4
Y 3 r i / « i
■^3
^ i/p .
^ 4 ^1u . ;
In order to  put a l l  G-H s tr e tc h in g  co o rd in a tes  on the same terms when the  
symmetry c la s s e s  become combined in  the p a r t ia l ly  deu terated  compounds, 
i t  i s  a ls o  n ecessa ry  to  s e t
equal to  zero , and to  n e g le c t  a l l  in te r a c t io n s  w ith  C-H s tr e tc h in g  
co o rd in a te s . The erro rs  are probably l e s s  than th ose  caused by the  
n e g le c t  o f  anharm onicity.
The General Quadratic Force F ie ld  fo r  Benzene can be d escrib ed  by .
37 p lanar L atin  co n sta n ts  whereas th ere  are on ly  26 p lanar Greek co n sta n ts  
which are s u f f i c ie n t  fo r  an exact d e s c r ip t io n . 4 o f  the L atin  co n sta n ts ,  
namely





are zero , s in ce  non-zero v a lu es  are in c o n s is te n t  w ith  symmetry fo r  
the m o lecu le . There are a ls o  3 independent r e la t io n s h ip s  between the  
va len cy  co o rd in a tes  which a llo w  a red u ction  in  3 independent parameter ' 
com binations.T hese r e la t io n s h ip s  are:
“i  “i +1 “i +2 * i+3 “i +4 ^ i+5 ^ ^
( 2“i  ^ i+1 "■°^ i+2 “  ^“i+3 "^i+4 Oi+5 ) " ("^i %i+2+ ^i+3 ” ^ + 5 ^
“i +2 “ “i +4 "■ 1^ +5 ) “ ^^i+1 “ ^ i+2 \+3>  ^^i+4
There are many ways in  which the 33 non-zero L atin  con stan ts  may be reduced  
to  2 6 , but i t  seems b e s t  to  remove e x p l i c i t  mention o f the terms which are 
l i k e l y  to  be sm all, namely, th ose  governed by
f m (u. °d+2
f
P (« i *i+3




^m (P i “i +2
(" i ^ i+2
k
P ^i+3
I f  the fo llo w in g r e la t io n s h ip s  between L atin  and Greek
6 h = 0 5 i  5 s
+ 6*  4• 4 - 2 . 3 -  Y 2 + 3 . 3- Y 3
 ^ \  = 3
6 h ' = 
P " 5 s
- ■ .4 + 2 . 3 * Y 2  -  3 .3 ^ Y  3
k = " T 2 + 2 Y 3
a
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\  = - ^ 2
6 1 , =  - 3 *T 3 + 3 * T 4
Glm = 3* T  4 + 3* T 4
i t  can be seen  th a t th ese  term s, under th e r e s t r ic t io n s  imposed above, 
are zero . Thus th ere  are 19 non-zero p lanar L atin  fo r c e  con stan ts  
d e sc r ib in g  the G.Q.P.F.
With the t i l d a  s e t  o f  fo r c e  co n sta n ts , th e  p lanar fo rce  f i e l d  may be 
expressed  as
2V = D ZAR^ + 2d Z  AR.AR_.+2d Z  AR.AR. _+2d Z  AR.AR. ,1 0  1 1+1 m 1 1+2 p 1 1+3
+E 2 L A À 2 e ^ Z  Ar.ar.+i + 2e ^ S  Ar^Ar.+j
•Hlr2 Z  % PiPi+2 + Z  P4P4+4
■ Z  «4 + 2f ,E ,  Z  “i “i+ i + ^  “i  (4R4 + AR4_  ^)
Ar.(AEYAE4_^) + 2h_^Z_ r .(A E .^ Y ^ ^ i-2 ) + 4 ^
+200^0 Z  Pi(AE4-AE3_^)+ 2j^r,  Z  Pi(AR4^.i-AE4_2)+2j^r^ Z  PiCAE^^g'^E^.^)
I
+2kEoZ OLAr^  + 2k,E  ^Z + Ai\_^) + 2n ,r ,R ,Z  PiCc^+i ~ “i_ i)  
21o r , Z  Pi(Ar4+i -  Ar4_ ^  + 2 l „ r ,  Z  P4 (Ar^+g -  Ar4_g)
O
The summations are norm ally over the v a lu es  i  = 1, 6 except fo r  ca ses  such 
as 21 on ly  th ree terras' are in v o lv ed , s in ce  v a lu es  o f i  ^ 3
would g iv e  the same q u a n t it ie s  w ith  the fa c to r s  i n  rev erse  order.
Numbering the atoms in  a c lock w ise  fa sh io n , i s  d efin ed  to  be p o s it iv e  i f  
the m otion corresponds to  the d isplacem ent o f  H towards the 0  ^  ^ atom.
Thus the n eg a tiv e  s ig n  in  the P in te r a c t io n s  occurs because the bracketed  
term s, although eq u iv a len t, have op p osite  s ig n s .
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Table 1•4 The 37 p lanar L atin  fo r c e  con stan ts,
R a
R d d d - d  o m p h h h o m p
' E e e e o m p 1 1 o m
Table 1«5 W hiffen 's 26 p lanar L atin  fo r c e  co n sta n ts  by removal o f e x p l i c i t  
m ention o f the 7 fo r c e  co n sta n ts  in  italic b ra ck ets .
TD
r~r r ' r cc _  ^  ^
R I) d d d 0 m p - io  S
r E e e e 0 m p
a
(3 °  So Sm Sp
Table 1*6 W hiffen 's 19 parameter Benzene fo r c e  f i e l d .
Table 1 .7  B ainker's 13 parameter Benzene fo r c e  f i e l d .
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W hiffen aimed to  reproduce the observed freq u en cie s  o f  Benzene 
and i t s  deu terated  d e r iv a t iv e s  to  w ith in  2^. He used the freq u en c ies  o f  
Benzene and Hexadeutero Benzene g iv en  in  the summarizing paper o f  H erzfeld , 
In gold  and Poole (1946)^^^^. I t  was a f t e r  much o f  the work was completed  
th a t th e a lte r n a t iv e  su g g estio n s  o f Mair and Hornig (l949)^^^^ regarding
the in a c t iv e  B^^ freq u en c ie s  came to  h is  a t te n t io n  -  th a t the carbon
— 1 — 1
frequency o f Benzene l i e s  a t  1311 cm" and not a t  I648 om" and th a t the
hydrogen deform ation i s  a t I I 47 cm"  ^ and not a t 1110 cm " \ Whiffen th erefo re  
c a lc u la te d  s e t s  o f v a lu es  fo r  the 19 non-zero planar L atin  fo r c e  con stan ts  
fo r  both a lte r n a t iv e  assign m en ts.
In many o f  the symmetry c la s s e s ,  an am biguity a r is e s  in  the ch o ice  
o f  s o lu t io n s  o f  quadratic equations and two or p o s s ib ly  more eq u a lly  
s a t is fa c to r y  s e t s  o f  fo r c e  co n sta n ts  can be ob ta in ed . One b a s is  fo r  making 
a ch o ice  between th e a lte r n a t iv e  s e t s  would be to  c a lc u la te  the freq u en cie s  
o f  the p a r t ia l ly  deu terated  Eehzenes w ith  each com bination o f s e t s  and 
compare fo r  the b e s t  f i t  w ith  experim ental vlalues. This would be ted io u s  
and i t  i s  not c e r ta in  th a t a c le a r  d e c is io n  would r e s u l t .  A second b a s is  
o f ch o ice  i s  th a t the fo r c e  co n sta n ts  must p h y s ic a lly  reason ab le .
Because o f  the apparent su ccess  o f  the S .V .P .F .^  W hiffen f e l t  th a t the  
fo r c e s  p r in c ip a lly  a r is e  from the s tr e tc h in g  o f  va lency  bonds , 
and the d is to r t io n  o f  va lency  a n g le s , and th a t a d esc r ip tio n  in ; th e se terms 
must g iv e  a reasonably good fo rce  f i e l d ,  and th a t the in te r a c t io n  con stan ts  
which must be added to  g iv e  the exact f i e l d  must be sm a ll. Thus, fo r  
example, in  the B^  ^ s p e c ie s , where the fo r c e  constant d isp la y  graph d e fin e s  
two s o lu t io n s , Whiffen excluded the s e t  w ith  the h igh er in te r a c t io n  fo rce  
co n sta n t, and chose the s e t  which gave the low er va lu e fo r
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Table 1 .8  Transform ation from in te r n a l to  symmetry fo rce  constant
roi
repre s en ta tio n  -*
^ 2 , 2  = E + 2e^  +  2e_^ +
^13,13  = ® - 2 ® o  + 2 e „ - ® p
^ 7 ,7  = ®
^ 2 0 ,2 0  = ® ®o ■ ®ra “  ®p
= G + 2gg + 2 g ^  + gp
= G -  2go + 2g^ -  gp
Fg^g =' G -  Go " G» + Gp
^ 18,18  “ G + gg -  g„ -  gjP
^1,1  = D + 2d, + 2d + a
F „ P
K , U  ■ » - 2 d ,  » Î J  j
'a ,a  -
P
1 9 ,1 9
P
i ( D  + do -  -  d  +  F + -  f  ) -  3« ( i ,  -  i  )
^ 12 ,12  = F - 2 f  + 2 f  - f
F 0 m p
“ F -  f o  -  f .  + fp  
^ 1 ,2  = 2h , + Zhm + Zbp
\ S  = -  2h^ + hp
( | ) *  (ho -  hp) -  ( i ) k k  + kp -19 ,2 0  " 2^/  " p
^12 ,1 3  = k -  2^0 + 2km -  kp
^ 6,7  = k _ ko -  + kp
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Table 1 .8  (continued)
^14,15 “ 2^0 -'
^8,9 ( 3 )* ( - j o  + jp)
^18,19 " (* )* ( jo  + j^ra + jp) - ( | ) ^ ( “o +
^6 ,9 ( 3 F ( - “o +
^7,9 (3 )* ( - l o  + 1%)
^18,20 “ (3 )* (+^0 +
Pr p = i  — 2L + i  6 , 0  o m p
S ectio n  1 .5  Duinker' s Benzene Force F ie ld  . ...■
Duinker used a m odified  valency fo r c e  f i e l d  based on the
hybrid  o r b ita l m odel. He s e le c te d  a s e t  o f in te r n a l fo rce  co n sta n ts ,
in c lu d in g  a l l  the d iagonal fo r c e  co n sta n ts  and some in te r a c t io n  fo rce
co n sta n ts , chosen on arguments o f  o r b ita l fo llo w in g  and reh y b r id isa tio n
o f  the carbon atom o i b i t a l s .  The model o f  chem ical bonds formed from
overlapping atom ic o r b ita ls  on the in d iv id u a l atom can be used in  a
q u a lita t iv e  way to  p red ic t  the s ig n s  o f  stretch -b en d  in te r a c t io n  fo r c e  
F23 24.1constantsL  Changes o f  iiiterbond angle about a cen tra l atom le a d
to  changes o f  h y b r id isa tio n  in  the bonding o r b ita ls  on the cen tra l atom, 
due to  o r b ita l- fo l lo w in g  o f the bending co o rd in a te . In s-p  hybrid o r b ita ls ,  
an in cr ea se  in  p—content r e s u lt s  in  a lon g er  bond, and an in crea se  in  
8-c o n te n t a sh orter  bond. Thus, i f ,  fo r  example, in cr ea sin g  a p a r tic u la r  
bond an gle r e s u lt s  in  an in crea se  in  s -co n ten t fo r  h p a r tic u la r  bond, one
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would expect th a t co n stra in in g  an in cr ea se  in  the angle would lea d  to  a 
sh orten in g  o f  the bond, and so one e^cpects a p o s it iv e  va lu e fo r  the s tr e tc h -  
bend in te r a c t io n  co n sta n t. I f  t h i s  argument can be used to  express the  
an g le  bending fo r c e  co n sta n ts  and in te r a c t io n  fo rce  con stan ts in  terms o f  
a sm aller  number o f  param eters, then i t  may be p o s s ib le  to  so lv e  the GFF 
fo r  underdeterm ined system s such as Benzene. M i l l s o u t l i n e d  the theory  
as fo llo w s : -
I t  i s  n ecessa ry  f i r s t  to  estim ate  the change in  bond len g th  which one 
ex p ects  to  r e s u lt  from co n stra in in g  a c e r ta in  change in  bond an g le , denoted  
( ^  ^^  j ) where R^  and 0"  ^ are r e s p e c t iv e ly  bond len g th  and bond angle
coo rd in a tes  in  the va lency  r e p r e se n ta tio n . This may be w r itten  as the  
product o f  two d e r iv a tiv e s  ^
O  E y  © •.) = ( 3 V / -â ©-.).( 3  E y ^ - v . )  ( i )
where A  ^ i s  a h y b r id isa t io n  parameter d e fin in g  th e s-p  h y b r id isa tio n  o f the  
cen tra l atom o r b ita l in  the R. bond. So th a t th ere are no com plications
from the presence o f  d o r b it a ls ,  the model i s  r e s t r ic t e d  to  cen tra l atoms
■|
from the f i r s t  row o f  the p er io d ic  ta b le  e .g .  C, where the fou r cen tra l atom 
va len cy  o r b ita ls  are con stru cted  â s  l in e a r  com binations o f  s and p atomic 
o r b ita ls  o n ly . Follow ing Couliioil^^^^, *X . i s  d efin ed  by the equation
f  i  = s + \ . p  ' (2)
1 + >. ?
1
where i s  the w avefunction o f  the s-p  atom ic hybrid on the cen tra l atom,
and 8 and p denote atom ic o r b ita l fu n c tio n s , the l a t t e r  being d ire c ted  along
the bond. The con d itio n  o f  o r th o g o n a lity  between atom ic o r b ita ls  on the
[2 3 !
c e n tr a l atom g iv e s  the fo llo w in g  r e la t io n s  fo r  every p a ir  o f o rb ita ls '-  
i  >  ^ cos ttij  ^ + 1 = 0 ( 3 )
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where i s  the an gle "between the d ir e c te d  o r b ita ls  and y  There
are s ix  equations o f  the type ( 3 ) between the fou rvalen cy  o r b ita ls  o f a 
f i r s t  row atom, and by d i f f e r e n t ia t in g  th ese  equations, the d e r iv a tiv e s  
( in  ( 1 ) can be determ ined. The o r th o g o n a lity  r e la t io n s  ( 3 )
prevent o r b ita l  fo llo w in g  in  c e r ta in  bending co o rd in a tes , but a llow  i t  in  
o th ers; one ex p ects  to  f in d  stretch -b en d  in te r a c t io n s  on ly  in  the second  
c a se .
The d e r iv a tiv e s  ( might be estim ated  from inform ation  on
eq u ilib riu m  geom etry. For example, the trend in  the C-H bond len g th s  o f
methane (r^(CH) == 1.095^» X  ^ = 3 ) ,  eth y len e  or Benzene (r^(CH) = I.O84 A,
X   ^ = 2 ) and a c e ty le n e  (r^(CH) = 1 .062 , = 1) may be used to  make a rough
estim a te  o f  ( 3 r /3X )^ y , g iv in g  the approximate va lu e +O.O3A. A lte r n a tiv e ly  .
the d e r iv a t iv e s  ( 9 r^ / 9X^) may be l e f t  in  the theory  as a d ju sta b le
param eters (one fo r  each type o f bond), in  r ec o g n itio n  o f  the f a c t  th a t
t h is  whole treatm ent i s  a n a ive s im p lif ic a t io n  o f the o r ig in  o f in te r a c t io n
fo r c e  co n sta n ts . The l a t t e r  approach has been found to  be the more u se fu l ;
t h is  a ls o  a llo w s the model to  rep resen t the p o s s i b i l i t y  o f  on ly  p a r t ia l
o r b ita l  fo llo w in g  in  the bending coo rd in a te . However, co n sid era tio n s  o f
eq u ilib riu m  geometry in d ic a te  a p o s it iv e  s ig n  fo r  ( ) in  alm ost a l l
c a se s , and su ggest an order o f  magnitude fo r  t h is  d e r iv a tiv e , th ese
[2 3 !
ex p ec ta tio n s  bein g  fu r th er  supported by th e o r e t ic a l  arguments
When both the fa c to r s  on the r ight-hand  s id e  o f ( I )  are known, the
d e r iv a tiv e  ( 9R^/9&^.) may be sim ply r e la te d  to  the in te r a c t io n  fo rce  constant
F. . between the valency  coord in ates R. and O ' Consider the th ree re lev a n t  
i  0 J
terms in  the in tern u c lea r  p o te n t ia l energy fu n ctio n
T .  i  F ..  &RZ + SSL + *  P . .  56^2 (4)
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To f in d  th e change in  induced by co n stra in in g  a change in  the angle 0%, 
the d e r iv a tiv e  ( 3  V/ i s  formed from the appropriate value o f 0%, and
s e t  equal to  zero .








. ( 6 )
This equation  r e la t e s  a stretch -b en d  in te r a c t io n  fo r c e  constant to  the  
corresponding diagonal s tr e tc h in g  con stan t, and may thus be used to  reduce 
the number o f param eters in  the fd rce  f i e l d .  Even i f  ( i s  l e f t
in  as an a d ju sta b le  parameter in  equation  ( l ) ,  t h is  w i l l  on ly  g iv e  one 
parameter fo r  each bond typ e, and in  gen era l th ere w i l l  s t i l l  be a reduction  
in  the number o f param eters from the number in  the GFF, This model i s  
c a l le d  the Hybrid O rb ita l Force F ie ld  (HOFF).
I t  w i l l  now be attem pted to  show how t h is  model was ap p lied  to  Benzene, 
B efore terms o f  the form ( oc can be eva lu ated , the redundancy
between the angle d isp lacem ents around a carbon atom must be removed by 
d e f in in g  th ree new coord in ates as l in e a r  com binations o f  Aa^, Ay/T, A y/ ^
= 6 -*  [2Aa. -  A y +  -  ayvT]
Sg = 2 ^  [ A f l  -  A^T] , (?)
■ Sy .  3- *  [Ao% + A ,f+  + A ÿ ,;]  ^
S. .  ( 3/ 2)*  «1 ' ' ' ' '  ^ 'where




“X? cos y/t + 1 = 01 1  / 1
1 1
+  >  -
cos +  1 =  0
(8)
"X A ~ cos a .  + 1 = 0
i  i  1
F ig , 1 . 5
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D if fe r e n t ia t io n  o f  th e  o rth o g o n a lity  con d ition s (8  ) g iv e s  
cos u ,+  A :\+ + A +  cosy /+  A%H % + sinY /+  A y +  =1 / I  T 1 / I  1 1 1  / I ' l
O
0
cos AA . + A ” cosi//~  AX^ -  X? A . s in y /"  A y^ ” = 01 / I  1 1 / 1 1 1 1  / I  / 1
^i  i  AX+ +A+ COS a. AX" -A"  ^ -A "  sin a. Aa. = 01 1  1 1 1  ' ' i  1 1
These equations determ ine whether o r b ita l  fo llo w in g  o f a bending coordinate  
may occur or n o t . S u b s t itu t in g  th e appropriate d isplacem ents Aa^, Ay/^,
± i-^to th ese  equations g iv e s  th ree  equations in  th ree  unknowns, A"X
AX", AX^.1 ^ 1
U sing the n o ta tio n  and Sg to  denote the two bending coord inates  
S^(r) and 8g (R ), u n it change in  can be e f fe c te d  by tak in g
Aa. = 2.6 2
1
A y ^ = A y  ^  = -6  2 from in sp e c t io n  o f (?) » which g iv es
AT^ H = 2
1
XI +
We can now eva luate  th e d e r iv a tiv e s
C 3 1 \+ /3 S ^ )  = O ' x y a s ^ )  .  -1
or ( 3  7 v y 9 a p  = ( 3 ^ - / 3  = [ - 1 / 2 .6 “^  = - ( 3/ 2)^  (9)
( '3 > H / '3 s p  = 2
o r  = [ 2/ 2 . 6" ^  = 6^
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Combination o f  (9) and (6) g iv e s  two exp ression s  
(oc.R^) = ( 3/ 2) *  (3R/3% )gQ.E.
= - 2 ( 3/ 2)® ( 3 r /3 X )j ,j j .r ^
U nit change in  Sg can be e f fe c te d  by ta k in g  
à f *  = - à f ~  = 2"^
We can now eva lu a te  the d e r iv a tiv e s
( S A ^ a s j )  = - ( s x y a s g )  = - 3*
or (a>+/3 3.) = -(3>vy3 3.) = -6? (1 0 )
( -a> Sj) = 0  or ( 3 A ^ / 3  3^) = 0
Combination o f  ( 10) and (6) g iv e s  ' ' : • - -1:/
(P.R. )  = 6* ( 2 R / 3 X . ) . R .
On t h is  b a s is ,  Duinker included  th e stretch -b en d  in te r a c tio n s
(tti R )^ and (a^r^) as parameters in  th e fo rce  constant refinem ent. 
Bend-bend in te r a c t io n  fo rce  con stan ts cannot be r e la te d  to  bending  
diagonal fo rce  con stan ts in  th e  manner o u tlin ed  above, but q u a n tita t iv e ly ,  
i f ,  during a d is to r t io n  o f  th e  m olecule from th e  equ ilibrium  p o s it io n  due 
to  d isplacem ent in  the 3 coord inates maximum overlap  between the bonding 
o r b ita ls  o f  adjabent C atoms i s  r e ta in e d , one might expect th a t any
d is to r t io n  o f  coord inates which favours a clockw ise r o ta t io n  o f  th e  o r b ita ls
around one carboil atom, w i l l  favour an a n tic lo ck w ise  r o ta t io n  o f  the  
o r b ita ls  around th e neighbouring atom s. U sing th ese  t e n ta t iv e  arguments, 
Duinker f e l t  j u s t i f i e d  in  in c lu d in g  th e  fo llo w in g  bend-bend in te r a c t io n
fo rce  con stants + v e , + v e , (a^ - v e .  F ollow ing
r<5i ,
Scherer and Overend^ he introduced a "Kekule” parameter to  a llo w  fo r
C-G s tr e tc h  in te r a c tio n s
(^ i B f+l) " "(%i ^i+2^ " (^ i ^i+3^
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In  order to  make a f i r s t  guess a t the Benzene fo rce  f i e l d  in  an 
in te r n a l coord inate r ep re se n ta tio n , fo r  use in  a fo rce  constant refinem ent 
c a lc u la t io n , Duinker used th ese  in te r n a l fo r c e  con stan ts to  con sid er the 
symmetry fo r c e  co n sta n ts , sp e c ie s  by sp e c ie s  and attem pt to  deduce the
s ig n  and order o f  magnitude o f the in te r a c t io n  fo rce  con stan ts where p o s s ib le .
s p e c ie s
S ince some fo llo w in g  o f  +S  ^ and -S^ might be ach ieved  by p u ttin g  more p
ch aracter  in to  the C.-H. bond and more s in to  the C. -  C. . band, F. _1 1  1 1+1 ’ 1-2
was expected  to  be sm all and p o s i t iv e .  As exp la ined  la t e r ,  th is  parameter 
had to  be con stra in ed .
B^ ^^  sp e c ie s
This in v o lv e s  one stretch -b en d  in te r a c t io n  (a^r^)
oD efin in g  A O' = — = +0(2 = — = +a^ = — = +oc^
S 2 = Rq.6^.AO 
A p p lica tio n  o f  ( 9 ) g iv e s  ^
From ( 1 ) ,  the d isplacem ent in  r  (^2- ^ 2 ) w ith  a sm all displacem ent Ax in  
S^2 can be w r itten  as ■
1
From ^12-13  ” y ) '^ 13-13
C a lcu la tio n s on m ethylhalogenides and formaldehyde in d ic a te  th a t }
( 'B r n / 3 X g )  i s ' ^ +  O.025A. Using = 5*1 md/A, ^  “^*99 m d/î.
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sp e c ie s
This in v o lv e s  one stretch -b en d  in te r a c t io n  (p.R.)' 1 1
^15 "  ^ ( -^ i  + ^2 " P] + ^4 " P5 + 95)
D efin in g  AO = -3^ = +3g = "P] = +P4 = “ ^5 = +P5
S (- = r , 6 .^ A O'15 0
I f  Ax i s  a sm all displacem ent in  8^^, then  a p p lic a tio n  o f  ( 9) and ( 1) 
g iv e s  AR^  = ( 3 E y 3 'X ^ ) .(  a x  y 3 s _ ) . A x  = 2 .r^ “ ”' ( 3 R o / 3 \ ^ )  .Ax.
can now be w r itte n  as
( - E | +  Eg -Hj + E  ^ -  E  ^ + Eg) = - 2 . 6 ' ^ . r y ( 9E yaX ,^).A x
Prom (6) = 2 .6* .r^ -^  ( S E / S X ^ ) .
c o
Taking ( 9 R ^ 9 "X = 0.03A and = 4 .3 4  md / a , then  =
,0
+ 0 . 5 7  md /A .
Eo sp e c ie s  2g ____
There are s ix  in te r a c t io n  fo rce  c o n sta n ts . The hybrid o r b ita l model 
makes no p red ic tio n s  regarding Fy g , a s tr e td h -s tr e tc h  in te r a c t io n  between 
Sy(r) and Sg(R) , and Fg à bend-bend in te r a c t io n  between Sg(a) and S ^ (3 ). 
A p p lica tio n  o f (10) to  the in te r a c t io n  between 8y(r) and S^(3) p red ic ts  
Fy g = 0 .  Expected s ig n s  and estim ate va lu es fo r  th e th ree stretch -b en d  
in te r a c t io n s  are derived  as. f o l lo w s : -  . . . .r .
F g rj i s  th e  in te r a c t io n  between Sg(a) and 8y(r)
Sg = 12 2 .R g (-2a  ^ + + &3 "^^4 + 0= + a^)
D efin in g  AO- = - ^ .j  = +«2 =+#g = “^ ^^4 ~ =+&g
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From ( l )  and (9) a sm all d isplacem ent Ax in  Sg induces
Ar^ = ( r ^ ^ / j j )  , ('B X jj /3  Sg) *Ax ^
Sy = 12“^ (-2r^  + Tg + r^ -2r^  + + Pg) = ( 3 r jj /9 X jj)  .Ax
From (6) Pg_y = -e^ .E o" ”' ( ^ V ^ ^ E ^ '^ 7 - 7
I f  ( 3 r jj/3 X ^ ) , i s  g iven  th e  value from formaldehyde o f  0 .025  A, and u sin g
.0 ,0
Fy_y = 5 .1 5 8  md /A , then  Fg_y = -0 .0 2  md. /A .
Fg_g i s  th e  in te r a c t io n  between Sg(a) and Sg(R) .Sg can be expressed  as
above. From ( 1) and (9) a sm all d isplacem ent Ax in  Sg induces
‘2 =ARg = - (  3 R g /  3  X Og) . 2"^A  E g " l Ax 
= ( 3 R g / 3 X  Og) .2 “5 /2 , R y l  Ax
Sg = 12"fr (-R., + 2Rg -  Eg -  Rj^  + 2Rg -  Eg) = -1 2 *  ( 3  .  Ax
From (6) Fg_g = 12* ( 3 R g / 'aX o^). . Pg_g
For 100^ o r b ita l  fo llo w in g  o f  Sg, ta k in g  ( 9  R^/3X c^) = 0-06  S and
,0 ,o
Fg_g = 6 .4 2 7  md/A then  Fg_g = 0 . 4 0  md/A.
• I -
Fg_g i s  th e  in te r a c t io n  between Sg(R) and Sg(p)
^9 = ^^.2   ^ (-Pg + P] -  P5 + 95)
D efin in g  AO- = = +Pg = = + Pg
S3 = 2r ,  A »
From ( 1) and (lO) a sm all d isplacem ent in  Sg induces 
AR = 6 2 .2 " l ,r  ( 9 R „ / * 3 X  c j  .Ax'2 -  " ' * 0 . ^""'2/ 2'
AR^  = - 6 .^ 2” ? r^” "* ( 3 Rg/  3"  ^c^) .Ax
! g  = 12“*  ( - E ^  + 2Rg -  E g  -  R4 + 2Rg -  E g )  = 3 .2 “ * .r ^ “ ' '(3 R g /'3 X + 0 g )  .Ax
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From (6) Fg_j -3.2 ®.r^“ I ( 3Rg/•aX+c2 ).Fg_g
For 'lOOfo o r b ita l  fo llo w in g , tak in g  ( “3 R ^ / = 0 .0 3  S and Fg_g =
b  ,0
6 . 4 2 7  md/A then  Fg_g = -0 .4 2  md /A . 
sp e c ie s
A fter  the redundancy has been e lim in a ted , th ere  are th ree  in te r a c t io n  force  
con stan ts  in v o lv e d . A p p lica tio n  o f (lO) to  th e in te r a c t io n  between 
S^g(P) and Sggfr) p r e d ic ts  = 0 .
F ^ g-ig  i s  th e in te r a c t io n  between S^g(p) and .S^ g(R ). ,
S^g = r^ .2 “ 1 (+pg + Pg -pg -Pg) ' ^ '
D efin in g  AO = +p^ = +Pg = -Pg = -Pg 
S^g = 2 r o A e
®19 = ®' i9  = 2  ^ + R] + R4
Remembering th a t fo r  ( 9 R ^ /  3 S ^ g ) ,  on ly  one end o f  th e  bond co n tr ib u tes to  
th e  change o f  le n g th , and u sin g  ( 1) and (10) ,  a sm all displacem ent Ax in  
S^g induces
=  - 2 . 3 ' ® ' . r ^ " ’'  (  3 R . | _ 2 / a X o p . A x  :
From (6) F^g_ ^ 3  = 2.3®.r^ ^ 1 9 - 1 9
Taking ( 3  R.j_2/^ ^ c ^  = +0.03 A, and F^g_^g = 3.67 md/A, F^g_^g = +0.155 md/A.
F ,^  i s  th e  in te r a c t io n  between 8 g /a ) and S„^(r)
Invoking the redundancy S^g = 2 ^ 8 '  ,
S.,3 = + »2 -®3 -2=4 -=5 +=6^
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D efin in g  AG- = = Œg = -a^ = = -a^ =
S i9  = 2 '6*'B o A *
From ( l )  and (9) a sm all d isplacem ent Ax in  S^g induces 
Ar  ^ = ( 9 r y 3 ^ H .j )  and Ar  ^ = R^” "* ( 3  r ^ ^ A x
S20 = 12 2 (-2r^ -  + r^ + 2r^ + r^ -r^) = 12 ^.2 \ r ^  ^( 3 r ^ / 3  X h^) ,Ax
Prom (6) P ig_ 2o = 12®.2 ^
i o
For 100^ fo l lo w in g 'o f  S^g, tak in g  ( 3 r y 9 X ^ )  = 0.025A and F^q = 5 . 1 5
.0
md/A, then F^g_2Q = 0 . 1 5  md/A.
20
Duinker sought a s e t  o f  in te r n a l fo rce  con stan ts to  g iv e  the b est f i t
to  the fo llo w in g  observed data .
1) th e  v ib r a t io n a l freq u en cies  o f  th e  p lanar modes oî* Benzene and - 
Hexadeutero Benzene g iv en  by Brodersen^^^^.
2) The C o r io lis  z e ta  in te r a c t io n  c o e f f i c ie n t s ,  r e la t in g  th e two degenerate  
components o f  th e  r in g  an gle bending v ib r a tio n  in  fo r  Benzene 
and Hexadeutero Benzene.
3) th e v ib r a t io n a l freq u en cies  o f  th e p lanar normal modes o f  sym Trideutero  
Benzene.
The fo rce  constant d isp la y  graphs determ ine th e symmetry fo rce  constants
fo r  th e A^  , B^  and B  ^ s p e c ie s .  The one fo rce  constant fo r  the A„ sp ec ie s  1g 1u 2u  ^ 2g
i s  unambiguously d e fin ed . Having s e le c te d  a s e t  o f  12 in te r n a l force
co n sta n ts , Duinker used t h is  lim ite d  amount o f  knowledge to  estim ate them.
A lthough two w e ll-d e f in e d  so lu t io n s  fo r  th e th ree  fo rce  con stan ts
F^g are obtained  from th e .fo r c e  constant d isp la y  graph for  the
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s p e c ie s ,  both g iv in g  th e expected  s ig n  and order o f  magnitude fo r  
c a lc u la t io n s  show the h igher in te r a c t io n  fo rce  constant =
+0 .66  md/A to  he c o n s is te n t  w ith the s p e c ie s .  E eg leo tln g  ,
®2u ^14-15 = = 0 . 66
E jg  ^8-9 .
g iv in g  = 0 . 33  md/A.
Having a lread y  d efin ed  d = d  ^ = -d^ = d^, th e  symmetry fo rce  constants fo r
th e C-C s tr e tc h  become
A^^ = D + d = 7 .9  to  l i e
®2u ^14-14 = “ -5^ = 4 .3 4
g iv in g  D 7 .0 7  md/A and d*^ 0 . 55  md/A
N eg lec tin g  1^, 1^, 1^ th e symmetry fo rce  con stan ts fo r  th e C-H s tr e tc h  
become
^1g ^2-2 " ^ = 5-0 to  5 .1
Bin ^13-13 = 3  = 5-30 to  5 .0 5
g iv in g  E = 5 * 1  + 1 md/A.
N eg lec tin g  g^ and g^, the symmetry fo rce  constants fo r  th e  C-H bend become 
Ag P j_2 = G +2g^ = 0 . 8 6 3  md/A
®2u ^ 15-15  = °  - 2^0 = °-®24
g iv in g  G = 0.843  md/A and g = 0.01 md/A.'
1 and 1. were n e g le c te d . An accu rate  zero order guess cannot be0 m
obtained  from th e d isp la y  graphs fo r  th e  parameters P, f^ , k , i^ , n  ^ and h  ^
so th ey  were tr e a te d  as a d ju sta b le  parameters in  a le a s t  squares procedure, 
co n stra in in g  j^ , D, d, E, G, g^ to  th e va lu es obtained  from th e d isp la y
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graphs. A very  reasonable f i t  to  th e v ib r a tio n a l and C o r io lis  data was 
obtained  in  a l l  th e symmetry sp e c ie s  except A large  number o f
adjustm ent c a lc u la t io n s  were performed, varying the important parameters 
a t random w ith in  th e range th a t was c a lc u la te d  frcm the d isp la y  graphs. 
^ 18“ 18 parameter governing th e 1482 cm~  ^ Benzene frequency in  E^^.
The symmetry d iagonal fo rce  con stan ts a s so c ia te d  w ith C-H bending are
F3-3 = G + 2go + 2Sm + Sp
®2g ^9-9 = G -  So -  Sm + Sp
^2u ^ 15-15
= G -2So + 2Sm -  Sp
®1u ^ 18-18 = G + So -  Sm -  Sp
g and g were th ere fo re  included  as v a r ia b le  parameters in  th e fo rce  m p
constant adjustment c a lc u la t io n s .
C a lcu la tio n s were performed in  which a l l  14 parameters E, G, D, E, d,
i  » j » k , g , g , g , n , h , f^ , wel-e a llow ed  to  change th e ir  value  o o o m p c o 0
in dependently , but th ese  showed a s tron g  tendency towards s in g u la r ity ,  
because h  ^ i s  not w e ll d e f in e ’l  'by th e  d a ta . This parameter, th e r e fo r e , 
was con stra in ed  to  zero , as were k and f^ , and convergence was obtained  
on a s e t  o f  11 param eters. C a lcu la tion s were repeated  fo r  d if fe r e n t  
con stra in ed  v a lu es o f  k and f^ , the optimum s o lu t io n  bein g  obtained when
o .0
f^ G'-O.O5 md/A and k -0 .0 1  md/A. I t  makes l i t t l e  d iffe r e n c e  whether 
fQ and k are included  or n o t. Because o f  the large  d iffe r e n c e  between 
C-H s tr e tc h in g  freq u en cies and a l l  o ther fundam entals, the former can be 
tr e a te d  se p a r a te ly  to  a good approxim ation, and th ey  are n ea r ly  independent 
o f  a l l  o ther parameters o f  the fo rce  f i e l d  except the d iagonal C-H
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s tr e tc h in g  fo rce  c o n sta n ts . This i s  th e main reason why k = and
h = (r . R. )  could  not he w ell-d eterm in ed , o  ^ 1 1/
Duinker m aintained th a t th e e f f e c t s  c f  anharm onicity in crea se  w ith  
frequency and so are norm ally d is tr ib u te d . He th ere fo re  ca lc u la te d  the  
errors on a percentage in stea d  o f  an ab so lu te  b a s is ,  where the h igh est  
freq u en cies  have a r e la t iv e ly  h igher s t a t i s t i c a l  w eight.
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CMPTER TWO
Some General A spects
S e c tio n  2.1 P o te n t ia l Function
As a f i r s t  approxim ation, m olecular v ib r a tio n s  may be tr e a te d  
independently  o f  r o ta t io n  and e le c tr o n ic  moticns^^^' V, the
p o te n t ia l  energy due to  d is to r t io n  o f  th e  atoms, which are considered  
to  be charged p o in t m asses, from t h e ir  eq u ilib riu m  p o s it io n  during  
v ib r a t io n , may be expressed  as a power s e r ie s  in  some complete s e t  o f  
displacem ent coord inates -  chosen to  be R^, th e  s e t  o f  in te r n a l  
c o o rd in a te s . ^
^ = V  4  z  A ÿ O a E . d E  dR^
1 o I J '  1 J / o  I j k \  1 j 1^0
+ h igh er terms
d e fin e s  th e  zero o f . t h e  p o te n t ia l energy s c a le ,  and i s  independent o f  the  
displacem ent coord inates or momenta. I t  i s  convenient to  d efin e  = 0 .
I f  th e  in te r n a l coord inates R^  are independent, then  s in c e  th e d isplacem ents  
are d efin ed  from th e  eq u ilib riu m  p o s it io n  9V /3R j^ = 0 . I f  redundancies 
e x is t  through geom etrica l n e c e s s ity ,  or i f  th e  fo rce  f i e l d  i s  o f  a U rey- 
B radley type and d efin ed  in  terms c f  in tera tom ic  in te r a c t io n s , then  th e R.
I 1
are not independent, though i t  i s  always p o s s ib le  to  transform  th e  
coord inate system s so th a t s u f f i c ie n t  independent coord inates e x is t  to  
d e fin e  th e problem. The meaning o f  l in e a r  terms in  th e  p o te n t ia l  
fu n c tio n  when th e  coord inates are dependent has been th e su b jec t o f  much 
debate^^^* and i t  appears th a t t h e ir  in c lu s io n  in  th e p o te n t ia l
fu n c tio n  i s  unnecessary^^^^, b e in g  o n ly  o f . importance fo r  v ib r a tio n s  ■ . : 
b elon g in g  to  th e f u l l y  symmetric sp e c ie s ..  In. order to  l im it  th e  - . .. ...
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m athem atical d i f f i c u l t i e s ,  and to  r e ta in  a p h y sica l p ic tu r e , the harmonic 
approxim ation i s  used, th a t i s ,  on ly  sm all d isplacem ents from th e e q u i l i ­
brium co n fig u ra tio n  are considered , and cubic and terms o f  a h igher
degree in  dR. are n eg le c ted  s in c e  dR.dR.dR, «  dR.dR. fo r  sm all dR. .i  1 j Jc 1 j 1
The p o te n t ia l fu n ctio n  now reduces to  the general quadratic form !
2V = 21  f- .dR.dE.
i j  J  ^ J
where th e  c o e f f ic ie n t s  f / .  are th e harmonic in te r n a l fo rce  constants defined '
:
by
f . , = ,
^  V 3R . 3 R .
1 J
S e c tio n  2 .2  Anharmonicity
The harmonic p o te n t ia l f i e l d  rep resen ts  a 3N-5 dim ensional hypersurface  
w ith  a minimum which i s  q u ite  deep compared w ith  kT a t the equ ilibrium
c o n fig u r a tio n . Because th e e n e r ^  n ecessary  to  break a chemical bond i s
\ I ■
f i n i t e ,  terms o f  h igher than seCond order must be important fo r  large  
d isp lacem en ts. The v a l id i t y  o:: ll ie  harmonic approxim ation depends upon 
th e masses and the kinds o f  bonds. Although i t  i s  found experim enta lly  
from th e occurence and p o s it io n s  o f  the com bination and overtone bands 
in  th e sp ectra  th a t anharm onicity cannot always be n eg le c ted , i t  i s  probably  
b e t te r  to  n e g le c t  th e anharmonic e f f e c t s  and consider th e observed freq u en cies  
to  be harmonic, as i t  i s  u su a lly  im p ossib le  to  in clud e th ose  fa c to r s  which 
may be in vo lved , l e t  a lone to  consider th e  p o s s i b i l i t y  o f  unknown in te r ­
a c t io n s .  Anharmonicity causes a deform ation o f  the p o te n t ia l su r fa ce .
The v ib r a t io n a l freq u en cies which are c a lc u la te d  u s in g  an harmonic p o te n t ia l  
energy fu n ctio n  are c a l le d  the normal freq u en c ie s , and th e fo rce  f i e l d  which
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f i t s  th ese  data rep resen ts an average p o te n t ia l energy over the am plitudes 
o f  th e v ib r a t io n s .
The anharm onicity o f  a v ib r a tio n  i s  s tro n g ly  co rre la ted  w ith  th e  
am plitudes in  th e v ib r a tio n a l mode, so th e e f f e c t  i s  la r g e s t  fo r  motions 
in  which a hydrogen atom p lays an important p a rt. I f  th e  anharm onicity  
fa c to r s  fo r  a G-H and th e corresponding G-B s tr e tc h in g  or bending mode 
were equal, th e ir  freq u en cies could be reproduced by the same force  f i e l d .
I t  was observed by D u i n k e r ^ t h a t  a fo rce  f i e l d  which reproduces a 
frequency in  which a H atom moves w ith  ap p reciab le amplitude always g iv e s  ' 
a value fo r  th e corresponding D mode which i s  too  h igh owing t o - th e  lower 
anharm onicity fa c to r s  fo r  D modes.
S e c tio n  2 .3  Errors in  the Observed Data
V ib ra tion a l freq u en cies do not represent id e a l p ie c e s  o f  inform ation  
because th ey  are observed, and hence encumbered w ith  error, and the  
th e o r e t ic a l  r e la t io n  between the observab les and the fo rce  constants o f  the  
system  may be obscure. Errors can be caused by th e fo llo w in g :-
1. random errors on th e accurate measurement o f  v ib r a tio n a l band
■ I '
p o s it io n s  are u su a lly  very sm all and have l i t t l e  e f f e c t  on subsequent 
c a lc u la t io n s . When measuring th e p o s it io n  o f  a d if fu s e  band, however, 
th ey  may become ap p rec ia b le . These errors may be c o r r e c tly  taken  
in to  account by su ita b le  w eigh ting  o f  th e  observed data .
2 . the e f f e c t  o f  anharm onicity, resonance p ertu rb ation s, liq u id  phase 
in te r a c t io n s , so lu te -so lv e n t  in te r a c t io n s  or other unknown d istu rb in g  
fa c to r s .
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3 . coarse errors can a r is e  from
( i )  th e  in co rrec t d es ig n a tio n  o f  fundamentals to  th e ir  symmetry 
c la s s e s .
( i i )  th e  in co rrec t assignm ents o f  freq u en cies as fundam entals.
( i i i )  a l lo c a t io n  o f  freq u en cies o f  a g iven  symmetry to  in correct atomic 
d isp lacem en ts. '
Thus the normal v ib r a tio n a l freq u en cies need to  be reproduced only  
w ith in  the l im it s  to  which th ey  are a c tu a lly  known when due allow ance has 
been made fo r  th ese  e rr o rs .
S e c tio n  2 .4  Some o f  the More Jnfbortant Methods o f  Overcoming the  
Indeterm inacy i n ;Æhé Force F ie ld  o
There e x i s t s  a fundamental problem in  the c a lc u la t io n  o f force  
con stan ts from observed v ib r a tio n a l freq u en c ie s . In an N-atomic asymmetric 
m olecule th ere  are -J-(3N-6) (311-5) independent force  constant parameters and 
3N-6 fundamental v ib r a tio n a l freq u en c ie s , some o f  which are in a c tiv e  in  
m olecules o f  h igh  symmetry. Although the number o f  independent parameters 
i s  reduced con sid erab ly  when the m olecule p o ssesse s  symmetry, fo r  F luorine  
s u b s t itu te d  Benzenes i t  always exceeds th e number o f  observed freq u en c ie s.
As o u tlin e d  in  Chapter One, two d if fe r e n t  ways o f  reducing the number o f  
parameters in  a M .V.F.F. fo r  the Benzene m olecule have been t r ie d .
1. W hiffen's approach was to  e lim in a te  a s u f f ic ie n t  number o f unimportant 
cross terms from the complete p o te n t ia l fu n c tio n .
2 . Duinker used an approximate model o f  th e fo rce  f i e l d  based on a 
p h y sic a l p ic tu re  and con ta in in g  on ly  a lim ite d  number o f  force  co n sta n ts .
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The Overlay Procedure, developed hy Schachtschneider and Snyder^^^^ 
assîm es th a t s im ila r  in tern a l coord inate deform ations in  s im ila r  
environments in  d if fe r e n t  m olecules req u ire th e same fo r c e . This i s  ' 
supported hy a vast amount o f  chem ical evidence on bond r e a c t iv i t i e s  and 
p h y sica l p r o p e r tie s , and im p lies th a t in tern a l tran sferen ce  o f  force  
con stan ts i s  p o s s ib le  between s im ila r  m olecules or between s im ila r  ' 
groupings in  d if fe r e n t  m olecu les. Such a pseudo is o to p ic  treatm ent 
u su a lly  lead s to  a s u f f ic ie n t  nm ber o f  freq u en cies b ein g  a v a ila b le  to  
so lv e  fo r  a l l  the e n tr ie s  in  the force  f i e l d  being used, the r e s u lt in g  
fo r c e  con stan ts having an in te r n a l c o n s is ten cy . A favourable case fo r  
a p p lic a t io n  o f  t h is  technique should be a s e t  o f  su b s titu te d  Benzene 
m olecules w ith  a common su b s t itu e n t , where sev era l o f  the m olecules are o f  
h igh  symmetry.
Another method o f  s o lv in g  fo r  an excess o f  parameters is  to  
supplement the v ib r a tio n a l frequency data w ith data which are fu n ction s  
o f  th e fo rce  f i e l d ,  a v a ila b le  from other so u rces . These include
( i)  data on is o to p ic  m olecules
( i i )  C o r io lis  coup ling  c o e f f ic ie n t s  between two degenerate v ib ra tio n s  
o f  a doubly degenerate symmetry s p e c ie s ,  ob tainab le from h ig h -  
r e so li it io n  v ib r a t io n -r o ta t io n  sp e c tr a .
( i i i )  c e n tr ifu g a l d is to r t io n  co n sta n ts , from U .V ., I.R .’ and micro­
wave sp ec tra .
( iv )  mean square am plitudes o f  v ib r a tio n  from e lec tro n  d if fr a c t io n  
measurements.
(v) I .R . band shapes and in t e n s i t i e s .
(v i)  Raman in t e n s i t ie s  and p o la r isa t io n  d a t a . .
Data from sources ( i )  , (v) , (v i)  were found, to  be very u s e fu l .
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S e c tio n  2 .5  A d d ition a l Data Obtained from Iso to p ic  M olecules
The e x is te n c e  o f  i s o t o p ic a l ly  s u b s titu te d  m olecules whose v ib ra tio n a l 
sp ec tra  have been assig n ed  i s  o f  con sid erab le  help  in  provid ing  
a d d it io n a l in form ation  which can be used in  fo rce  f i e l d  c a lc u la t io n s  
s in c e ,  to  a h igh  degree o f  approxim ation, the force  f i e l d  remains 
unchanged in  is o to p ic  m olecules w hile the change o f  mass causes frequency  
d isp lacem ent, p rovid ing  more inform ation about the m olecule w ith o u t' 
in trod u cin g  any new unknowns. The amount o f  inform ation about a g iven  
m olecule i s  not p rop ortion al to  the number o f  isomers assign ed  because 
o f  the l im ita t io n s  o f  a number o f  r u le s  (see  [ l 7 ]  Chapter 8 or [35 ]
Chapter 7 )•  The R ed lic h -T e ller  product ru le  s ta te s  th a t fo r  two is o to p ic  
m olecu les, the r a t io  o f the product o f  th e freq u en cies b elonging  to  a 
g iven  symmetry sp e c ie s  i s  independent o f  the p o te n t ia l constants o f  the  
m olecu le . I f  th ere  are th ree or more is o to p ic  m olecu les, then th e sum 
r u le  i s  in v o lv ed . The e x is te n c e  o f  h igher order iso to p e  ru le s  has a lso  
been recognised^^^’ 37» 38]^ which fu rth er  l im it s  th e  amount o f  independent 
data a v a ila b le  from la r g er  m o lecu les. -- -
I f  th e is o to p ic  s u b s t itu t io n  has on ly  n e g lig ib le  e f f e c t  on cer ta in  
modes i . e .  th e  coord inates o f  the is o t o p ic a l ly  su b s titu te d  nucleus do 
not con tr ib u te  to  the m oleculaf rep resen ta tio n  o f th e  s p e c ie s ,  then th is  
w i l l  g iv e  no new data .
Although the product ru le  'only holds fo r  harmonic freq u en cies and 
anharmonic freq u en cies may be considered  to  produce independent p iec es  o f  
in form ation , due con sid era tion  must be g iven  to  the weight th a t such 
in form ation  c a r r ie s .  '
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S e c tio n  2 .6  Band Contour Data Obtained from I .R . Vapour-Phase Studies^
The F luorin e su b s titu te d  Benzenes are a l l  v o la t i l e ,  which allow s  
vapour phase band contour data to  be used in  v ib ra tio n a l assignm ents -  an 
extrem ely important a id  not g en era lly  a v a ila b le  fo r  the other halogeno  
system s. A ll the m olecules o f  and symmetry are asymmetric to p s, 
which means th a t the th ree  p r in c ip a l moments o f  in e r t ia  are d if fe r e n t  
I ^ <  Ig<T I q. The th ree  p r in o ip a l axes are chosen such th a t C has the  
la r g e s t ,  B the in term ediate and A the sm a lle st moment o f  in e r t ia .  I t  i s  
important to  n o t ic e  th a t fo r  th e F luorine su b s t itu te d  Benzenes, the C a x is  . 
i s  p a r a lle l  to  o u t-o f-p la n e  m otions, w h ils t  the A and B axes cut the plane 
o f  th e m olecu le. Thus a band w ith  a type C contour can be assign ed  to  an 
o u t-o f-p la n e  mode, w h ils t  type A and B bands can be a ssign ed  to  the correct  
in -p la n e  sp e c ie s  a f t e r  ca re fu l study o f  the appropriate group ta b le .  A 
good example i s  a fford ed  by Fluoro Benzene and Pentafluoro Benzene.












F ig . 2 .1
T ran sla tion  a lon g  the z a x is  belongs to  th e Bg sp e c ie s  w h ils t  tr a n s la t io n  
a lon g  the y a x is  belongs to  the A^  s p e c ie s .  Thus in  Fluoro Benzene, a 
type A contour can be assign ed  to  the A^  s p e c ie s ,  but in  P entafluoro  
Benzene i t  would be a ssign ed  to  the Bg s p e c ie s .
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Table 2.1 • BMB TYPES
Moleoule Symmetry Species 1 Band lype










Asymmetric Top M olecules
Fluoro Benzene 4 A
B
'  4 C
1 ,2  d if lu o r o  Benzene .4 A
^2 -  B '
4 C
1 ,3  d if lu o r o  Benzene 4 A
B
4 C
1 ,4  d if lu o r o  Benzene 4u A
B
4 u C
1 ,2 ,4  t r if lu o r o  Benzene A' i:
A " c
1 ,2 ,3 ,4  te tr a f lu o r o  Benzene 4 A
4 B
4 C
/con tin u ed
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Table 2.1 BMP TYPES (continued)
1 ,2 ,3 ,5  te tr a f lu o r o  Benzene 4 A
4 B
4 C
1 ,2 ,4 ,5  te tr a f lu o r o  Benzene 2^u - A
4u B
4u C
P entafluoro  Benzene 4 A
4 B
4 C
The c h a r a c te r is t ic  band contours are as fo llo w s
Type A bands have a strong Q branch and prominent P and R branches.
The p r in c ip a l fea tu re  o f a type B band i s  a cen tra l minimum w ith two 
stron g , w e l l - s p l i t  Q branches w ith broad P and R branches which^are o fteh '^  
d i f f i c u l t  to  d e te c t .
Type C bands show a very  s tr o n g ^  branch and r e la t iv e ly  broad P and R 
s tr u c tu r e .
For m olecules o f P^ ,^'_ P^^, symmetry, as the asymmetry has 
d ecreased  towards the symmetric ro to r  l im it  (A —» B or C —» B), the  
appropriate band typ es merge.
A number o f causes o f  d is^ o ft ic n  o f  band contours from the expected  
e x i s t .  Two o f  the more important are hot band stru ctu re  and inadequate 
r e s o lu t io n .
Since anharm onicity alm ost in v a r ia b ly  le a d s  to  a convergence o f  
v ib r a t io n a l l e v e l s  which d if f e r  on ly  in  a s in g le  v ib r a tio n a l quantum number 
then i t  fo llo w s  th at the 1 —^  2 band cen tre w i l l  be to  low er freq u en cies
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than th e 0 —^ 1 cen tre . In the case o f  low frequency fundamentals the  
e x c ite d  v ib r a tio n a l s ta t e s  w i l l  have ap p reciab le equilibrium  populations  
and th e t r a n s it io n s  to  h igher en erg ies from th e s e  ex c ited  le v e ls  (hot 
band tr a n s it io n s )  w i l l  g iv e  band stru ctu re  a d d itio n a l to  that o f  the  
0 —> 1 . This i s  g e n e r a lly  observed on ly  i f  sharp Q branches e x i s t ,  
when th e e f f e c t  observed i s  a s e r ie s  o f  a d d itio n a l sharp Q branches 
ra p id ly  d im in ish in g  in  in te n s ity  on the low frequency s id e .
With m olecules o f  large  moments o f  in e r t ia ,  s in ce  Ba r—» the
A
in strum ental r e so lv in g  power may be inadequate to  r e so lv e  the band 
stru c tu re  in to  P, Q and R branches. In such a case a type B band may 
appear to  have a broad cen tra l ab sorption  purely  as a r e s u lt  o f  
instrum ental overlap  o f  the t ip  branches. Considerable care must be , 
e x er c ised  in  drawing con clusion s when t h is  s itu a t io n  might p r e v a il .
C a lcu la tion s have been done on th e o v e r a ll band contours to  be
expected  fo r  th e th ree  band types fo r  various r e la t iv e  values o f  the
1
[4 0 ]
r 39ip r in c ip a l moments o f  in er tia '- , and th e fr a c t io n  o f  in t e n s ity  in  the
Q branch and sep ara tion  between th e P and R maxima have been computed^
S ec tio n  2 .7  Raman P o la r isa t io n  Data
Raman p o la r isa t io n  data i s  extrem ely important fo r  the assignment j
o f  v ib r a tio n a l freq u en cies to  th e ir  symmetry s p e c ie s .  One experim ental .r
techn ique commonly employed w ith la s e r  e x c ita t io n  i s  to  have the p o la r ise d  i, 
e x c it in g  beam tr a v e l l in g  perpendicular to  the a x is  o f  ob servation , w ith ' '
th e  p lane o f  p o la r isa t io n  perpendicu lar to  th e a x is  o f  ob servation , and to  
measure the p o la r isa t io n  perpendicular to  and a long th e plane o f  p o la r isa t io n  
o f  th e  in c id en t beam. D efin ing  a 'a s  th e mean p o la r is a b i l i t y  ten so r  d e r iv a tiv e ,
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|3 as th e a n iso trop y , and yO as the d ep o la r isa tio n  r a t io ,  then
max -
a van ish es except fo r  tr a n s it io n s  between s t a t e s ,  the d ir e c t product o f
which belongs to  the f u l ly  symmetric s p e c ie s ,  and s o  jD  = 0 ,7 5  fo r  a l l
t r a n s it io n s  o th er than th ose in  which th e v ib r a tio n a l mode ex o ited  has the
f u l l  symmetry o f  th e  m olecu le. Thus Raman p o la r isa t io n  measurements o f fe r
an unequivocal means o f  reco g n is in g  tr a n s it io n s  belonging to  the f u l ly
synuTietric sp e c ie s  in  liq u id s  or g a se s .-  Few g e n e r a l it ie s  can be made
_/ 2 /2
about the r e la t iv e  va lu es o f  a and (3 except fo r  in  sp h er ica l top  
m olecules when a l l  p r in c ip a l p d la r is a b i l i t i e s  are equ ivalent in  a s ta te  in  
which sp h e r ica l symmetry i s  re ta in ed  and th ere fo re  fo r  the f u l ly  symmetric
t
sp e c ie s  3» and hence p , are id e n t ic a l ly  zero .r
S ec tio n  2 .8  A p p lica tion  o f  the Product, Sum and In eq u a lity  Rules to
r35lM olecules which are not I s o to p ic a l ly  R elated*-
I t  i s  not u su a lly  a sim ple m atter to  a ss ig n  v ib r a tio n a l absorption  
or em ission  bands to  the p r in c ip a l typ es o f  v ib ra tio n s  in vo lved . With 
some sim ple m olecules s u f f ic ie n t  in form ation  can be obtained from band 
contours, r o ta t io n a l f in e  s tru ctu re  and Raman p o la r isa t io n  data to  ach ieve  
t h i s .  More g en era lly , mode type assignm ents are made from th ese  band 
c h a r a c te r is t ic s  supplemented by inform ation on r e la te d  m olecu les.
R e d lic h -T e lle r  Product Rule
This ru le  r e la te s  the product o f  th e  harmonic freq u en cies o f  a g iven  
sp e c ie s  Of a m olecule to  the product o f  the corresponding freq u en cies o f  some 
i s o t o p ic a l ly  r e la te d  m olecule, fo r  which the force  constant m atrix i s
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id e n t ic a l .  I f  the ru le  i s  ap p lied  to  two m olecules RX and RY, where X
and Y are not iso to p es  o f  one another, then , provided the force  f i e ld s
are id e n t ic a l ,  a f i r s t  order co rrec tio n  can he made to  a llow  fo r  the |
changes in  the RX(y) s tr e tc h in g  and bending force  co n sta n ts . Ignoring
th e in te r a c t io n  constants between the R-X(y) bonds and R ,{gf(RX)'/GF(RY)^'^
w il l  be h igher by a fa o to r  ( T f „  / ( I  ) ^, where the product i s  over
R(X) . R(Y)
th e  fo rce  con stants fo r  in tern a l modes involved  in  a p o ss ib le  rep resen ta tion  
o f  th e symmetry s p e c ie s .
Suifi Rule
I f  sev era l is o to p ic  m olecules can be g eo m etr ica lly  superimposed with  
appropriate s ig n s  in  suoh a Way that th e atoms van ish  in  a l l  p o s it io n s  
then  th e  corresponding lin e a r  combination o f the sums o f  the squares o f  
the freq u en cies w i l l  van ish  in  the harmonic approxim ation. These sums 
may be taken independently over the freq u en cies o f  the symmetry c la s s e s  
o f  the subgroup a r is in g  from the symmetry elem ents common to  a l l  super­
im p osition  o f  the m olecu les. I t  i s  inherent in  th e superim position  nature 
o f  the ru le  th at anharm onioities w i l l  p a r t ia l ly  cancel and i t  appears that  
changes in  fo rce  constants are a ls o  p a r t ia l ly  compensated fo r  as long as 
th e  ra te s  o f change o f  force  constants w ith  perturbing in flu en ce  are uniform  
throughout the s e r ie s  under C onsideration .
R a y le ig h 's  Rule and the In eq u a lity  Rule
R ay le igh 's  Rule s ta te s  th a t in cr ea sin g  any mass in  a p e r io d ic a lly
v ib r a tin g  system without changing the fo rce  f i e l d  must decrease a l l
fr e q u e n c ie s . Thus the h igh est frequency o f  any symmetry sp e c ie s  o f
tha deu terated  m olecule must be below th e  j h igh est frequency o f the  
normal m olecule.
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The In e q u a lity  Rule i s  an ex ten sio n  o f  t h i s .  I f ,  fo r  two m olecu les, 
RX and RY, the mass o f  the su b stitu en t X i s  g rea ter  than th at o f  the  
s u b s t itu te d  Y, then  in  any g iven  symmetry c la s s  o f  RX con ta in in g  "a" 
modes a s so c ia te d  w ith  th e RX bond, the h ig h est frequency l i e s  
between th e  and ( j + a)^^ h igh est freq u en cies o f  th e eq u iva lent  
symmetry c la s s  o f  RY. For is o to p ic  s u b s t itu t io n  t h is  i s  an exact ru le  
as i t s  d e r iv a tio n  does not depend on a quadratic assum ption, th e  on ly  
requirem ent bein g  an invariance o f  th e fo rce  f i e l d .  I t  can be 
s u c c e s s fu l ly  ap p lied  to  n o n iso to p ic a lly  r e la te d  m olecules d e sp ite  the  
la ck  o f  any co rr ec tio n  or compensating fa c to r s  fo r  fo rce  constant change.
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CHAPTER THREE
The V ib ra tio n a l Frequencies and Other Input Data 
S ec tio n  3.1  Geometry
The most d r a s t ic  assum ption made in  t h is  work i s  in  assuming a 
regu lar  hexagonal geometry fo r  a l l  o f  th e  F luorin e s u b s t itu te d  Benzenes, 
u sin g  th e fo llo w in g  bond le n g th s .
C-F 1.327  A
C-C 1.397  A
C-H 1.084 A
S tru ctu ra l data seems to  be lim ite d  to  Benzene^^^^, Fluoro Benzene^^^^,
1,2 and 1 ,3  d if lu o r o  Benzene^^^^, and Hexafluoro Benzene^^^^. The most 
comprehensive work i s  th a t o f  Hygaard e t al^^^^ on Fluoro Benzene. Two 
e f f e o t s  o f  F luorin e s u b s t itu t io n  observed were an opening to  123° o f  the  
carbon r in g  angle adjacent to  th e F lu orin e s u b s t itu e n t , and a decrease in  
th e  bond len g th s o f  th e C-C bonds next to  th e C-F bond. However, in
H exafluoro Benzene, th e  C-C bond len g th s  are very  s im ila r  to  th o se  in  
Benzene. I t  i s  d i f f i c u l t  to  make any lo g ic a l  v a r ia tio n s  in  the assumed 
C-C len g th s and i t  was decided  to  r e ta in  th e Benzene geometry throughout. 
Although second order changes: ih  geometry might on ly  lead  to  secondary  
co rr ec tio n s  to  c a lc u la te d  p r i ic'.pal fo r c e  con stan ts i f  a general quadratic  
p o te n t ia l f i e l d  i s  b e in g  évalua^ ed, i'j need not even be a good approxim ation  
when o th er , sim pler fo rce  f i e l d s  are b e in g  used . E stim ates o f  th e  e f f e c t s
o f  p o s s ib le  geometry errors were made by P e a r c e ^ i n  h is  study o f  th e  
o u t-o f-p la n e  v ib r a tio n s  o f  F luorin e s u b s t itu te d  Benzenes. V aria tion s o f  up 
to  3^ were found, but most freq u en cies a lte r e d  by much l e s s ,  and t h is  l i e s  
w ith in  th e a ccep tab le  error margin between observed and computed freq u en cie s.
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The s tr u c tu r a l data to  he found in  th e l i t e r a t u r e  can he summarized 
as fo llo w s
Fluoro Benzene [4 2 ]








-0 (2 ) 1.383A(+0.003) 0 (6 ) o( i ) o(2) 123.4°
-0 (3 )  1.395A(+0.001) 0('iTc ( ^ ( 3 )  117-9°
-0 (4 ) 1.397A(+O.OOi) 0 (2 )C (3)^ (4) 120.5°
-F 1 .354A (-0 .006) 0 (3 )0 (4 )0 (5 )  119-8°
-H(2) 1 .0 8 ia (+0.005) 0 (^ O C (^ (2 )  120.0° •
-H(3) 1.083A(+0.004) 0 ( 4 M ^ ( 3 )  119-9°
-H(4) 1-080A (+0.004)
F ig . 3 .1
13iso to p e s  3-D, 4-D and 2 ,4 ,6-D ^  Fluoro Benzene, and a lso  a m ixture o f  0 
s u b s t itu te d  is o to p e s ,  and so have s u f f i c ie n t  microwave data to  e lu c id a te  
th e s tr u c tu r e , which has th ree  s ig n if ic a n t  d if fe r e n c e s  from th a t o f  
Benzene -•  the ,0 ( l ) . -  0(2) d is ta n c e - is  O.Ol A sh o r ter , th e 0(6) 0 ( l )  0(2) ■ 
angle i s  3 -4°  la r g er  and th e 0 ( l)  0(2) 0(3) an gle i s  2° sm aller  -  a r is in g  from 
the 0 ( l)  atom h ein g  "pushed" approxim ately O.O4  A towards the r in g  c e n tr e .
The F lu orin e s u b s t itu t io n  i s  expected  to  cause on ly  minimal changes in  the  
o p p osite  part o f  th e  m olecu le . This i s  shown in  th e q u ite  normal C-C 
and C-H d is ta n c e s  and th e p r a c t ic a l ly  regu lar a n g le s . H(2) and H(6) are  
s l i g h t ly  a t tr a c te d  hy th e  F luorin e atom.
The changes in  geometry can he exp la ined  q u an tita tiv e ly ^ ^ ^ ^ . F lu o r in e , 
heing h ig h ly  e le c tr o n e g a t iv e , withdraws e le c tr o n s  from th e carbon atom, 
le a v in g  i t  w ith  a p o s it iv e  charge. The carbon atom lo s e s  a 2p e le c tr o n ,  
in  p referen ce to  a 2s e le c tr o n , as th e se  are l e s s  t ig h t ly  hound.
The C-C H.A.O»s w i l l  con ta in  more 2s ch aracter , which causes th e  bond 
len g th  to  con tract and th e C (l) angle to  open.
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1.2  d if lu o r o  Benzene and 1 ,3  d if lu o r o  Benzene [4 3 ] !
Bygaard et a l  d id  not prepare iso to p e s  o f  th ese  m o lecu les, and 
so th ey  had to  assume an u n d isto r ted  Benzene sk e le to n  w ith
C-C 1.397 A
C-H 1.084 £  
oCCC 120
U sing t h is  approxim ation to  s im p lify  th e c a lc u la t io n s , th ey  c a lc u la te d
 ^o o
C-F bond len g th s o f  1 .318 A in  1,2  d if lu o r o  Benzene, and 1.308a in
1.3 d if lu o r o  Benzene.
H exafluoro Benzene [4 4 ]
This was s tu d ied  by a le a s t  squares a n a ly s is  o f  e le c tr o n  d if f r a c t io n  
data g iv in g
C-C 1.394 + 0 .0 7  A
C-F 1.327 + 0 .0 0 7  £
The C-F bond len g th  i s  s ig n i f ic a n t ly  sh o rter  than in  Fluoro Benzene.
o
Hie C-C bond len g th  i s  perhaps 0 .01  A sh o rter  than in  Benzene, but i t  i s  
not o u tsid e  th e error l i m i t s .  The same bond len g th  i s  a lso  found in  
Hexachloro and Hexabromo Benzene. The eq u ilib riu m  conform ation does not 
seem to  d ev ia te  s ig n i f ic a n t ly  from th e  p lanar form, a r e s u lt  a ls o  obtained  
fo r  Benzene and Hexachloro Benzene.
I t  i s  d i f f i c u l t  to  see  how any accurate microwave s tu d ie s  w ith  th e  
p r e c is io n  o f  th e  Fluoro Benzene work can be done fo r  th e  o th er m olecules 
o f in te r e s t  which p o ssess  permanent d ip o le  moments,as even i f  deuterium
1 .2 .4  t r if lu o r o  Benzene
1 .2 .3 .4  te tr a f lu o r o  Benzene 
1 ,2 ,3 ,9  te tr a f lu o r o  Benzene 
P entafluoro  Benzene
analogues are prepared, s in c e  th e m olecule has few er H atoms, th ere  are
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not many d if fe r e n t  iso to p e s  and so l e s s  microwave d a ta . A lso , s in c e
the sep a ra tio n  o f  th e  r o ta t io n a l l in e s  decreases w ith in cr ea sin g  morrmt o f  in e r t ia .
1 13Ba ÿ— , th e  measurements are le s s  a ccu ra te . Perhaps the study o f  C
A
iso to p e s  w i l l  he extended beyond Fluoro Benzene.
S ec tio n  3 .2  Masses [ 46 ]




F lu or in e  18.99840
S ec tio n  3*3 Symmetry P oint Groups
The la b e l l in g  o f  th e  symmetry s p e c ie s  and th e  o r ie n ta t io n  o f th e  
c a r te s ia n  axes are in  accordance w ith  th e  recommendations o f  M ulliken  
They a r e ; -
1. For p lanar C^  ^ m olecules
The z a x is  i s  th e  C^axis (th e z a x is  i s  always th e  a x is  o f  h ig h est  
symmetry) «
The X a x is  i s  perpendicu lar to  th e  m olecular p la n e ,
2 . For p lanar D^  ^ m olecules
The X a x is  i s  perpendicu lar to  th e  m olecular p la n e .
The z a x is  p asses through th e maximum number o f  atom s.
3 . For p lanar D ,^ m oleculeson
The z a x is  i s  the C^  a x is ,  and th e r e fo r e  p erpend icu lar tcF th e m olecular  
p la n e .
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Table 3 .2  Tbe Symmetry P oin t Groups and the Symmetry S p ecies o f  the In -P lane  
V ib ration s o f  the F luorine S u b stitu ted  Benzenes
M olecule PointGroup Symmetry S p ecies
Benzene ^6h + 1^2g + + 2^2u + 4E2g +
Hexadeutero Benzene ^6h + 2:2u + + 3E,^
Fluoro Benzene '^2v 1 3 A^  + 11Bg
Fluoro Pentadeutero Benzene 1 3 A^  + IIBg
1, 2 d if lu o r o  Benzene '^2v 1 3 A^  + IIBg
1, 3 d if lu o r o  Benzene °2v 1 3 A^  + IIBg
1, 4 d if lu o r o  Benzene ®2h 7Ag -  5^3^ + 6B^^ + 6Bg^
1 ,4  d if lu o r o  Tetradeutero ®2h + 6Bg^
Benzene C
1 , 2 , 4  t r if lu o r o  Benzene 24A»
1 , 3 , 5  t r if lu o r o  Benzene
cl>
V 5a !| + 3Ag + 8e '
1 , 3 , 5  t r i f lu o r o  Trideutero 5Aj + 3A  ^ + 8e '
Benzene
1 , 2 , 3 , 4  te tr a f lu o r o  Benzene
C z v
1 3 A ^  +  I I B g
1 , 2 , 3 , 5  te tr a f lu o r o  Benzene °2v 13A  ^ + IIBg
1 , 2 , 4 , 5  te tr a f lu o r o  Benzene ^2h 5 ® 3 g  +  + ^®2u
P entafluoro Benzene °2v 13A  ^ + IIBg
Pentafluoro Deutero Benzene °2v 1 3 A^  + IIBg




ïhe X and y axes are degenerate and one of them must coincide with 
one of the axes.
4 . For p lanar m olecu les
llie  z a x is  i s  the a x is  and th ere fo re  ^arpendicular to  the  
m olecular p la n e .
Glie X and y axes are degenerate and one of them must coincide with 
,one of the axes.
T
The Cg axes and the 0 ^  p lan es p ass through the g r e a te s t  number o f  atoms.
5 . For p lanar C  ^ m olecu les
The xy p lane i s  the 0 ^  p lane and th ere fo re  the z a x is  i s  p erpend icu lar  
to  the m olecular p lan e .
S ection  3 .4  In tern a l C oordinated
The in stan tan eou s p o s it io n  c f  each atom i s  d efin ed  by th ree C artesian  
coord in ates denoted g e n e r a lly  b y 'q . The C artesian  coord inate system  i s  
not a convenient system to  d e fin e  the in te r n a l v ib r a tio n s  o f a m olecu le .
The 3H degrees o f  freedom -  one independent m otion a long each coord inate
X, y , z fo r  a l l  IT atoms o f the m olecule -  can be red efin ed  as th ree
corresponding to  tr a n s la t io n  o f  the m olecule a s  a whole, as th ree  
corresponding to  r o ta t io n  o f  the m olecule as a w hole, and the rem aining  
3IT- 6  degrees o f  freedom as in te r n a l changes in  the p o s it io n s  o f  the atoms 
in  the m olecule w ith  no o v e r a ll t r a n s la t io n  or r o ta t io n .
These in te r n a l changes form the com plète s e t  o f In te rn a l C oordinates 
o f the m olecu le, th a t i s ,  a s e t  which i s  s u f f i c ie n t  to  d escr ib e  a l l  
p o s s ib le  deform ations and which i s  in te r n a l ly  c o n s is te n t  -  any symmetry 
element o f  the system must transform  members o f the s e t  in to  eq u iv a len t  
members which must a lso  be in  the s e t .
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Changes in  th e  in te r n a l coord inates o f a m olecule r e fe r  to  changes 
in  th e  bond param eters, which are u su a lly  bond len g th s and bond a n g le s , 
and are more convenient to  use when d escr ib in g  th e v ib r a tio n s  o f  a 
m olecule than d isp lacem ents o f  the atoms in  x , y  or z d ir e c t io n s .
The fo rce  con stan ts are eva luated  in  terms o f  th e  in te r n a l coord inates  
as on ly  in  t h is  form are th ey  tr a n sfe r a b le  between s im ila r  m olecules o f  
d if fe r e n t  symmetry.
F luorin e su b s t itu te d  Benzenes are d escr ib ed  by a s e t  o f  24 in te r n a l  
co o rd in a tes , d esign ated
R  ^ i  = 1 ,6  in crea se  in  th e len g th  o f  th e  C^  -  C^ ^^ bond.
r . i  = 1,6  in crea se  in  the len g th  o f th e  C. -  H. bond.1 ’ °  1 1
Ra. i  = 1 ,6  in crea se  in  th e r in g  an g le  C.  ^ -  C. -  C. ^, s c a le d  w ith  the  1 » °  1 - 1  1 1+1
F ig . 3 .2  Numbering o f  th e  atoms in  an an gle bend. 
eq u ilib riu m  len g th  o f  th e  C-C bond, R .




























Ra^ 6 1 2
Roig 1 2 3
Ra^ 2 3 4
R04 3 4 5
Ra^ 4 5 6
Rag • 5 6 • 1







7 6 2 . 1
rP, 8 1 3 2 '
rP3 9 2 4 3
/  "P4 10 3•i, 5 4
11 4 6 5
rp6 12 5 1 6
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r i  = 1 ,6  in crea se  in  the angle between C -^H  ^ bond and the ex tern a l
b is e c to r  o f  th e  C. . -  C. -  C. . a n g le , sc a le d  w ith  
1 - 1  1 1+1  '
th e  product o f  th e  eq u ilib riu m  len g th  o f  th e C-H bond, r ,
3
F ig . 3*3 Numbering o f  atoms in  an In-P lane Angle Bend,
i s  d efin ed  to  be p o s it iv e  i f  th e  motion corresponds to  th e motion





F ig . 3 .4  Numbering o f  th e  atom s.
o
I i
S e c tio n  3 .5  Redundancies
I t  i s  u su a lly  n ecessary  to  in troduce a complete s e t  co n ta in in g  
more than 3H-6 in te r n a l coord inates to  d e fin e  th e 3N-6 fundamental 
v ib r a t io n s . Because th e in te r n a l coord inates are not independent, 
redundancies w i l l  occur. By d e f in it io n ,  no in te r n a l coord inate can he 
a r b it r a r i ly  excluded from e com plete s e t .  When the se c u la r  equation  i s  
so lv e d , th e redundant coord inates g iv e  r i s e  to  zero e igen  v a lu e s , which 
im p lies  no v ib r a t io n a l motion o f  the atom s. The a s so c ia te d  e igen  
v ecto r s  are a ls o  zero , g iv in g  zero v ib r a tio n a l freq u en cies..
The redundancies which occur in  a l l  the F luorin e su b s t itu te d  
Benzenes a r is e  because th e sum o f  the deform ations o f  the th ree  an g les  
in  th e  p lane o f  th e  n u c le i must be zero .
c a. ci-1 i+11
“ i  = - f i  
. P ig .  3 .5
Redundancies can a ls o  a r is e  when the Secu lar Equation i s  expressed
in  Symmetry C oordinates. A com plete s e t  o f  coord inates must be
generated  and t h is  s e t  can overd efin e  th e  secu la r  m atrix . I f  the
redundant symmetry coord inates can be id e n t i f i e d ,  th ey  are not in clu d ed .
However th e symmetry coord inates which g iv e  r i s e  to  zero e ig en  va lu es  
a r e ,u s u a lly  l in e a r  com binations o f  th e  o r ig in a l symmetry coord inates and 
are h ot always obvious on in sp e c t io n . I t  i s  not norm ally n ecessa ry  to
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remove the redundant coord inates as th e  programmes are designed  to  
eva lu a te  th e e ig en  v a lu es and e igen  v ec to r s  by d ia g o n a lisa t io n  o f  the  
m a tr ices , so zero e igen  va lu es are a c c e p ta b le . I f  th e  secu la r  equation  
i s  s e t  up in  th e  form jp-G 1a .| L = 0 , G w i l l  be s in g u la r  i f  redundancies 
are p resen t, and th ere fo re  cannot be in v er te d . This can g iv e  r i s e  to  
problems when c a lc u la t in g  th e C artesian  D isplacem ents o f the atoms in  a 
normal mode. Gussoni and Zerbi^^^^ have g iven  a method o f  removing 
redundancies.
S e c tio n  3 .6  Transform ations from In tern a l Coordinates to  Symmetry 
Coordinates
Having s e t  up th e  G and P m atrices in  in te r n a l co o rd in a tes , th ey  
are now expressed  in  symmetry co o rd in a tes . Por the F luorin e s u b s t itu te d  
Benzenes, th ere  are 7 d if fe r e n t  transform ations from in te r n a l to  symmetry 
coord inates depending on th e  symmetry and s tru ctu re  o f  th e m olecu le.
The fo llo w in g  ta b le s  g iv e  th e  U (or transform ation) m a tr ices . The 
s;ymmetry elem ents fo r  th e  m olecules are a ls o  shown.
o
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F ig . 3 .6  Cg Symmetry Point Group




-  M olecular Plane
Atoms Bond len g th s
M olecule
1 ,2 ,4  t r if lu o r o  
Benzene
7 8 9 10 11 12 r* r
P P H P H H CP CH
Table 3*7 U Matrix - Symmetry
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Symmetry C o e ff ic ie n t  fo r  i  =
1 2 3 4 5 6
F
Factor
In tern a l
CoordinateS p ecies Coord
o
4-1 1 R.1 1
4-1 1 R.tL c. 1
s 4-1 1 R.1
4-1 1 R.• 1
4-1 R.1
"6 4-1 1
4-1 1 r !1
4-1
" i
^9 4-1 1 r . 1
^10 4-1 1 r!1
^11 4-1 1 r . 1
^12 4-1 1 r . 1
A» ®13 4-1 1 Ra.1
®14 4-1 1 Ra^
^15 4-1 1 Ra^
S i6 . Ra.1
^17 .. ■ ; +1 1-. .v-r • ■- ’1
^18 -t1 1 Ra^
^19 4-1 1 r'p^
^20 4-1 1 r 'P .1
^21 4-1 1 r^ i
^22 • 4-1 1 r 'P . .
^23 4-1 1 rP i
®24 + 1 1 rp. .
P ig . 3 . 7  Symmetry Point Group
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Fluoro Benzene 
Fluoro Pentadeutero Benzene 
P en taflu oro  Benzene 




(yz) -  M olecular Plane
M olecule
Fluoro Benzene
Fluoro Pentadeutero  
Benzene
P en taflu oro  Benzene
P en taflu oro  Deutero 
Benzene
At oms Bond Lengths
7 3 9 10 11 12 r» r
F H H H H CP CH
F y D D B D CF CH
H F F F F F CH CF
D F F F F F CH CF
Table 3 .8  U M atrix -  Symmetry
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Symmetry
S p ecies Coord
C o e ff ic ie n t  fo r  i  
1 2 3 4 5
H
Factor


























































































F ig . 3 .8  Symmetry P oint Group
1 ,2  d if lu o r o  Benzene





(yz) -  M olecular Plane
M olecule
1 ,2  d if lu o r o  Benzene
1 , 2 , 3 , 4  te tr a f lu o r o  
Benz ene
Atoms- .
7 8 9 10 11 12
P H P H H H







Table 3.9 U Matrix - Symmetry
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Symmetry C o e f f ic ie n t  fo r  i = H In tern a i
S p ec ies Coord 1 2 3 4 5  6 Factor Coordinate
8, +1 1 R.1 11
S2 +1 +1 2"^ R.1
^3 +1 +1
2 2 R.1
S. +1 1 R.■ 4 1
t
Sc +1 +1 2 2 r .5 11
^6 +1 +1
2-2 r .1
A, S_ +1 +1 2 2 r .1 7 1
Sg + 1 + 1 2 2 Ra.
So +1 +1 2 2 Ra^7 1
s _ +1 +1 2"^ Ra.10 1
T
s . . + 1 - 1 2 2 r p.11 1
' _A
S i 2 +1 -1 2 2 r 3 .
1^3 +1 -1 2 ^ rPi
1
+1 -1 2^ R.1 1
^2 +1 -i 2 ^ R.1
t
S . +1 - 1 2 2 r .3 11
S. +1 -1 2"^ T .4 1
_A- ■
Sc +1 -1 2 2 r. 15 1 1 [
"6 +1 -1
2-2 Ra^
S„ +1 -1 2 2 Ra.
7 1 1
^8 +1 —1 2”^ 1
Ra.
, 8 9 , +1 +1
2-2
S10 +1 +1 2 2 rp,
• S1I +1 +1 2 2 rPi
Fig. 3 . 9 Point Group
1 ,3  d if lu o r o  Benzene







CJ^(yz) -  Molecular Plane
Atom
Molecule 7 8 9 10 11 12
1 ,3  d if lu o r o  Benzene F H F H H H







Table 3-10 U Matrix - Symmetry
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Symmetry Coefficient for i = Internal
Species Coord 1 2 3 4 5 6 factor Coordinate
' 1
+ 1 +1 2"^
1
^2 + 1 4-1 2"^ R. • 1
1
4-1 4-1 2“^ R.1





"6 4-1 4-1 2"^ r.1
4-1 1 r. 1
^8 4-1 1 Ea.
1
^9 4-1 4-1 2“^ Ra. 1
1
®10 4-1 4-1 2 ^ Ra^
^11 4-1 1 Ra.1
1
®12 4-1 -1 2^ r'p.
1
^13 4-1 -1 2 ^ rP.
1
-t-i —1 2 2 R.1
. 1
2 4-1 —1 2"^ R.
1 1
^3 4-1 -1 2 ^
1
4-1 -1 2 ^  ^ i
1
^5 4-1 -1 2“^ r. 1
^6 4-1 -1 2“4- %a^
1
4-1 • -1 2"^ Ra^
®8 4-1 1 rP,
1 t
4-1 4-1 2-2
1 r P i
"io 4-1 4-1 2 2 rPi
®11 4-1 '1 rPi
Fig. 3 .1 0 Symmetry Point Group
1 .4  d if lu o r o  Benzene
1 .4  d if lu o r o  Tetradeutero Benzene
1 , 2 , 4 , 5  t e tr a f lu o r o  Benzene
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C^j^(yz) -  Molecular Plane
Atom Bond lengths
I
Molecule 7 8 9 10 11 12 r r
1 ,4  d if lu o r o  Benzene F H H , F H H CF CH
1 ,4  d if lu o r o  Tetradeutero F 
Benzene
D B F B B CF CH
1 , 2 , 4»5 t e tr a f lu o r o  H 
Benzene
F F H F F CH CF
Table 3.11 U M atrix -  Symmetry
o
Symmetry C o e f f ic ie n t  fo r i  = In tern a l
S pecies Coord 1 2 3 4 5 6
fa c to r Coordinate
+1 +1 +1 4-1 2~'' R.1 1








^6 + 1 +1 +1 4-1 2-^ Ra.
+ 1 -1 +1 -1 2"^
s, +1 -1 +1 -1 2” ^ R.1 1
^2 + 1 -1 +1 -1 2"^ r'1
®3g ^3 +1 -1 4-1 -1 2- ^ Ra^
f
+1 +1 2 2 r  p.
S + 1 +1 4-1 4-1 2"^ rPi
+1 +1  ^ -1 -1 2’ ^ « i
®2 + 1 -1 2 ^ « i
®2u ^3 + 1 . - -1 -1 2-'^ r .1
^4 + 1 -1 -1 2"^ Ra^
T
^5 +1 -1 2 2 r
^6 +1 -1 4-1 2” '' rPi
S , +1 -1 4-1 2- ' R.1
^2 +1 -1 2"*
+ .r  .1
■ =1u ^ 3 ' +r -1 " 4-1 2’ ^ 1
1
^4 +1 -1 2 2 Ra.1
^5 +1 -1 4-1 2” '^ Ra^
"6 +1 +1 -1 -1 2-1 rP i
F i g .  3.11 Symmetry P oint Group
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1 , 3»5 t r i f l u o r o  Benzene
1 , 3»5 t r i f lu o r o  Trideutero Benzene





'  G 2 ' « ' v
C'2 ' < v^
, -  Molecular Plane
Molecule
1 . 3 .5  t r i f lu o r o  
Benzene
1 . 3 . 5  t r i f lu o r o  
Trideutero Benzene
Atoms 
7 8 9 10 11 12
P H F H P H
F D F D F D
Bond Lengths 




The symmetry coord inates  fo r  the E* s p e c ie s  are g iven  by Buinker. 
I t  i s  perhaps in s t r u c t iv e  to  see  how th ese  were obta ined . F ir s t  a s e t  
o f  orthogonal b a s is  fu n ctio n s  are chosen, and the e f f e c t s  o f  symmetry 





p::! + . caOJ + + 1
o ax CM






K + caCM + + m 1
Ü rn CM ax






CM rO ca CM
p:^ p: + ca
CM + + m 1
O ca VO











CM m VO c> CO.




CO ? P:J1 ca1rO LTV m ca
O Pd rO VO rO VO ca 1
ir \ < -
Pd Pd











From the formulae Sg^  = lEj
( € i  )
1
and the e n tr ie s  in  the character ta b le  fo r  the E* s p e c ie s  
E 2C3 3 c ;  2S3 30-^
2 -1 0 2 - 1  0
2 { 2 (Rg+Rg)-(R^+R^)-(Rg+R^)} = (-R^+2E2-R3-R^+2Rg-Eg)
2 {2(R 3+R^)-2(R g-R ^)-(Rj+Rg)+(R 2+R3)-(R^+R2)+(R 4+R5)} = (-E^4-R3+R^-Rg)
2 { 2r ^ -r g -r j }  = ( 2r^ -  -  r^)
2 {20^ -03-0^ } = (201^-03-0^)
2 (2o^-Œ g-a2} “ (-Og+Ra^-ag)
2 f2 (p 3 -P j) - ( |3 j -3 ^ )- (P ^ -p 3 )}  = (P j-Pj)
2 {2(-P2+Pg)-(-P^+P2)-(-Pg-P^tj = (-Pg+Pg)
o
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Table 3.12 U Matrix - Symmetry
Symmetry
Species Coord
C o e f f ic ie n t  f o r  i  =
1 2 3 4 5
fa c to r
In tern a l
Coordinate
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° 3 ’ S






Molecule 7 S 9 10 11 12
f
r r
Benzene H H H H H H CH
Hexadeutero Benzene D D D D D D CH
Hexafluoro Benzene F F F F F F CF
Table 3.13 U Matrix - Symmetry
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Symmetry Coefficient for i Internal
Species Coord 1 2 3 4 5 6
factor Coordinate
Si 4-1 4-1 4-1 4-1 4-1 4-1 ■ 6 - «i
^1g 2^ 4-1 4-1 4-1 4-1 4-1 4-1 6"* r . 1



















S3 -2 4-1 4-1 -2 4-1 4-1 12’* Ra.
S4 -1 4-1 -1 4-1 2"'^ rPi
Si -1 4-1 -1 4-1 -1 4-1 6-* r. 1


































4-1 4-1 Cl> -1 -1 2-1 rP.
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S e c t io n  3 .7  The V ib ration a l Assignments
V ib ra tion a l sp ectra  and assignments fo r  a l l  the m olecules considered  
have been reported  in  the l i t e r a t u r e ,  and form a good b a s is  fo r  the c a l ­
c u la t io n s  o f  the fo rce  f i e l d s .  Apparent d iscrep a n c ies  between the  
freq u en cie s  used in  the c a lc u la t io n s  and th ose  quoted in  the appropriate  
re feren ce  a r i s e  in  two ways:
a) I f  the  sp ectra  have been re-run , then th ese  freq u en cies  are used in s te a d .
b) Whereas, in  the l i t e r a t u r e ,  the  assignment o f  bands which are in fr a  red  
a c t iv e  i s ,  fo r  c o n s is te n c y ,  that o f  the l iq u id  phase, i t  i s  p referred  in  
t h i s  work to  use vapour phase data when a v a i la b le .
On p a ss in g  from the gas phase to  condensed phase, m olecules show 
se v e r a l  changes in  t h e ir  s p e c tr a l  c h a r a c t e r is t ic s  e . g .  frequency maxima, 
i n t e n s i t i e s ,  band shapes e t c .  The changes observed in  the condensed phase 
are due e i th e r  to  a chemical e f f e c t  or th e  d i e l e c t r i c  e f f e c t .  Chemical 
e f f e c t s  a r i s e  from in term olecu lar  in t e r a c t io n ’s , w h i ls t  the d i e l e c t r i c  e f f e c t  
m odifies  the lo c a l  f i e l d  s tren g th  o f  the l i g h t  which in te r a c t s  w ith the  
molecule in  q u es t io n .  In the d i lu t e  gas ^h'ase, in term olecu lar  in te r a c t io n s  
are minimised, so i t  i s  in  t h i s  phase that the *pure^ inform ation can
be ob ta ined . This does not imply th a t  inform ation derived  from other phases  
i s  in f e r i o r ,  i t  i s  sim ply d i f f e r e n t .
The observed freq u en cies  (ob s. v) and t h e ir  w eighting fa c to r s  (w) 
are g iv en , and th ree  s e t s  o f  r e s u l t s  -  the  c a lc u la te d  freq u en cies  ( c a l c .  ^ , 
and the d if f e r e n c e  between the observed and c a lc u la te d  freq u en cies  (d v ) , 
to g e th er  w ith  the weighted square error (WSQ ER) and the weighted average







c a l c .v  dv
37 (ABS) 
c a l c .v  • dv
3 7 (/«)
c a l c .v  dv
3073.5 1.0 3081.5 +8 .0 3080 .3 +6 . 8 3084 . 4 +10.9
^ 1g
992 .8 1.0 982.6 —IO * 2 982 .4 —10 .4 984.3 - 8 .5
^2g 1350
1.0 1356 .2 + 6 . 2 1354.7 +4.7 1357.1 +7.1
3055 1.0 3055.2 +0 . 2 3056.2 + 1.2 3056.2 + 1.2
I6OO 1.0 1599.3 +D.7 1599.8 - 0 . 2 1604.5 +4.5
^2g 1177
1.0 1182.8 +5 .8 1182.3 +5.3 1187.7 + 10.7
607 1.0 604.4 - 2 . 6 604.8 - 2 .2 603.3 - 3 .7
3057 1.0 3051.8 - 5 .2 3052.6 —4 .4 3051.8 - 5 .2
®1u 1010 1.0 1008 .9 - 1.1 1008 .8 - 1.2 1007.3 - 2 .7
1309 1.0 1312 .6 + 3 . 6 1315.2 +6 .2 1311 .6 +2 . 6
®2u 1146 1.0 1147.0 + 1.0 1146.6 +0 . 6 1147.4 + 1 .4
3068 1.0 3070.8 +2 . 8 3070.5 +2.5 3073.0 +5.0
^ 1U 1482 1.0 1491.2 +9.2 1493 .6 + 11 .6 1495.6 + 13 .6
1037 1.0 1026.2 - 10 .8 1024.4 —12 .6 1026.1 —IO. 9
1 dv 1 4. 8 5+0 6 .3
WSQER 1.173 X 10"^ 1.358 X 10-3 1.813 X 10-3
TABLE 3.14
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The fundamental freq u en cies  o f  Benzene have been the su bjec t  o f  
much d is c u s s io n .  Accurate measurements o f  the freq u en cies  in  th e  gas
r 25Iand l i q u id  phases were made by Brodersen and Langseth^ . The
fundamental freq u en cie s  g iven  in  t h e ir  work are used h ere .  Their
assignm ents are based on th o se  o f  Ingold  and co-workers, who published  
a lon g  s e r i e s  o f  papers e n t i t l e d  "The Structure  o f  Benzene", summarised 
in  Part but u s in g  the Mair and Hornig assignm ents f o r  the B^  ^ s p e c ie s .
Because a s e t  o f  degenerate freq u en cies  rep resen ts  on ly  one 
ob serva tion , one member on ly  o f  the  s e t  i s  used in  the  c a l c u la t io n s .
HEXADEUTERO BENZENE
98
o h s  .V w
39 (AB8 )
c a l c . v  dv
37 (ABS) 
c a l c .v  dv
37 i%)
c a l c .v dv
2303 1.0 2292.1 -1 0 .9 2296.0 - 7 .0 2295.4 - 7 .6
^1g 945.5
1.0 934.6 -1 0 .9 932.3 - 13.2 9 3 5 . 7? - 9 . 8
^2g 1059
1.0 1054.9 - 4 .  'L 1053.9 -5 .1 1055.6 —3 . 4
2275 1.0 2280.2 +5.2 2280.8 +5 .8 2280.1 +5.1
1558 1.0 1571.6 +13.6 1571.0 + 13.0 1575.8 +17.8
®2g
868 1.0 842.1 -2 5 .9 842.3 -2 5 .7 846.6 —21 .4
579 1.0 5 7 9 .4 + 0 .4 579.9 +0.9 578 .1 - 0 .9
2285 1.0 2283.0 - 2 . 0 2280.1 - 4 .9 2281.0 - 4 .0
970 1.0 954.0 -1 6 .0 9 5 5 .4 —14.6 953.3 —16.7
1282 1.0 1269.4 - 12 .6 1270.7 —11.3 1274.4 - 7 .6
824 1.0 839.0 +15.0 839.5 +15*5 835 .4 +11 .4
2286 1.0 2284.1 - 1 .9 2287.5 +1.5 2286.2 ,-f0 . 2
1333 1.0 1316.7 -1 6 .3 1316.3 m 6 . 7 1318.7 —14.3
\
814 1.0 811.6 —2 . 4 810 .4 - 3 .6 812.6 - 1 . 4
Id v l  ^ 9 .8 . . 9 . 9 • 8 . 7 .,.
WSQÎH 4.786  X 10-3 4 .678  X 10-3 5 .989  X 10-3
TABLE 3 .1 5
The freq u en cie s  and assignments are th ose  o f  Brodersen and Langseth*
r>5i~i
and are s im i la r  to  th ose  o f  F o i l  A. M iller^ .
[2 5 ]
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The f i r s t  complete assignment o f  Fluoro Benzene was th a t  o f
Smith e t  S co tt  et  al^^^^ r e je c te d  the hand at 876 cm ^
as a hg fundamental, and ass ign ed  i t  in s tea d  to  1157 c m - \  Whiffen^^^^
_ 1
rea ss ig n ed  the h^ fundamental a t  1236 cm to  1290 cm
The very s tron g  in fr a  red l iq u id  band at 1220 cm \  and the
moderate, p o la r ise d  Raman l i n e  a t  1217 cm f irm ly  support the assignment 
o f  the a  ^ fundamental a t  1220 cm  ^ C a lcu la t ion s  c o n s i s t e n t ly  p red ic t










3091 0 .3 3O84.9 -6 .1 3084.3 - 6 .7 3087 .2 - 3 .8
' 3067 0 .3 3071.2 +4.2 3071.2 4-4.2 3072.9 4-5.9
3053 0 .3 3053.5 +0 • 5 3054.4 4-1.4 3053.9 4O.9
1597 1.0 1607.9 +10.9 I6O8.3 4-11.3 1611.7 4-14.7
1499 1.0 1498.8 -0 . 2 1499.7 4 0 .7 1500.1 4-1.1
1220 1.0 1244.7 4-2 4 .7 1244.4 +24.4 1246 .^ +26.5
1156 1.0 1159.9 4-3.9 1160.2 4-4.2 1163.7 4 1 . 7
1020 1.0 1020.0 4 0 .0 ^ 1018.8 - 1 .2 1018.8 —1.2
1009 1.0 1000 .8 - 8 . 2 1000.1 - 8 .9 1001.4 - 7 .6
806 1.0 800.7 - 5 .3 80 1 .7 —4 .3 801 .7 —4 . 3
520 1.0 5 1 1 .0 —9 .0 511.7 - 8 . 3 512 .0 - 8 .0
3078 0 .3 3081.4 4-3 .4 3081.4 -t-3 .4 3083.2 +5.2
3067 0 . 3 3059.7 - 7 .3 3060.4 —6 . 6 30 6 0 .7 - 6 .3
1597 1*0 1604.5 4-7.5 1604.2 4-7.2 16O8.3 4-11.3
1460 1.0 1465.8 4-5.8 1467.5 4-7.5 1467.1 4-7.1
1323 1.0 1319.3 - 3 .7 1320.4 - 2 . 6 1320.1 - 2 .9
1290 1.0 1292.9 4-2.9 1293.2 4-3.2 1292.8 4-2 . 8
1156
¥■
1.0 1154.5 - 1 .5 1154.0 - 2 .0 1155.6 —0 .4
1066 1.0 1062.2 - 3 .8 1060 .8 - 5 .2 1061.7 —4 .3
615 1.0 617.8 4-2 . 8 617.8 4-2 . 8 616.1 4-1.1
405 - 1.0 - 410 .1 - -1-5 • 1 4 1 0 . 8 4-5.8 410.5 4-5.5
Id v l , 5 .6 5 .8 6 . 2
WSQER 2.866 X 10-3 2.938 X 10-3 5.141 3 10-3





c a l c .v  dv
37 (ABS) 
c a l c .v  dv
37 i f )
c a lc .  V dv
2295 1.0 2298.2 +3.2 2300.4 + 5 .4 2299.8 4-4.8
- 0 .0 2286.8 - 2289.3 - 2288.4 -
- 0 .0 2281.6 - 2280*6 - 2280 .7 -
1577 1.0 1592.2 +15.2 1592.0 4-15.0 1595.1 4-18.1
1391 1.0 1384.8 - 6 .2 I3 8 i .5 - 9 .5 1382.8 - 8 .2
1163 1.0 1166.5 +3.5 1168.4 4-5 .4 1169.9 +6.9
959 1.0 952.9 —6 . 1 952.3 - 6 .7 952 .8 - 6 .2
878 1.0 852.8 -2 5 .2 852 .4 - 2 5 .6 855.5 -2 2 .5
8 i 8 1.0 816.3 —1.7 8 i 6;3 - 1 .7 818.4 4O.4
756 1.0 747.3 - 8 .7 747.7 - 8 .3 7 4 7 .8 - 8 . 2
504 1.0 499 .8 —4 . 2 500.5 - 3 .5 500 .6 —3 . 4
2295 0 .3 2295.8 4 0 . 8 2290.5 +3.5 2296.9 4-1 .9
- 0 . 0 2281.7 - 2283.1 - 2282.2 -
1566 1.0 1577.8 4-11.8 1576.5 4-10.5 1581.1 4-15.1
1311 1.0 1325.5 4-14.5 1324.4 4-13 .4 1324.9 +13.9
^2 1281 0 . 2 1268.5 -  I2 i 5 1269.2 - 11 .8 1271.7 - 9 . 3
1034 1.0 1031.9 "'-Z.l 1031.3 - 2 .7 1033.2 - 0 . 8
844 1.0 839.3 —4 . 7 839 .7 —4 .3 839.9 —4 .1
808 1.0 809 .4 4-1 .4 809.1 4-1.1 808.5 4O.5
590 1.0 593.3 •+•3. 3 593 .6 4-3.6 591.7 4-1.7
388 1.0 391.2 4-3.2 391.8 4-3 . 8 391 .4 -f3 .4
|d7 1 7.1 7 .5 7 .2
WSQIE 3.488  % 10 3 3.567 X 10-3 5 .524 X 10-3
TABLE 3 .1 7
The on ly  reported  sp ec tra  and assignments o f  Fluoro Pentadeutero  
Benzene are th ose  o f  S te e le  et  and th e se  were used without





c a l c .v  dv
37 (ABS)
c a l c .v  dv
37 i%) 
c a l c .v  dv
3081 0 . 3 3084 .7 +3.7 3084.1 +3.1 3086.9 +5.9
3060 0 . 3 30 6 5 .8 + 5.8 3O66.3 + 6 . 3 3067 .1 +7.1
1625 1.0 1619.2 - 5 .8 1619.4 “5 . 6 1622.5 “2 .5
1514 1.0 1511.6 —2 « 4 1511.7 “2 . 3 1510.7 “ 3 .3
1313 0 . 3 1301.4 - 11.6 1301.5 “ 11.5 1300.1 -1 2 .9
1277 1.0 1285.2 +8 . 2 1266.7 +9.7 1287.9 +10.9
1155 1.0 1149.7 “5 . 3 1 1 4 ) . 4 “5 . 6 1148.8 - 6 .2
1025 1.0 1021.9 “3.1 1Ü2 0 .6 “4 . 4 1021.7 “ 3 .3
762 1.0 76 5 .3 +3.3 ^5 6 .3 +4 . 3 766.0 +4.0
565 1.0 5 7 3 .6 +8 . 6 5 73 .1 +8 .1 572.2 +7.2
287 1.0 289.2 +2 .2 289.3 +2 . 3 289.2 +2 . 2
3081 0 . 3 3081.O +0 . 0 3081.0 +0 . 0 3082.5 + 1.5
3060 0 . 3 3055.0 “5 . 0 3055.8 “4 . 2 3055.5 “4 . 5
1609 1.0 1614.6 +5.6 1615.6 +6 .6 1618.4 + 9 .4
1464 1.0 1467.9 +3.9 1469.3 +5.3 1468.0 +4.0
1292 0 . 5 1274.2 - 17 .8 1275.3 -1 6 .7 1277.4 - 1 4 .6
1214 1.0 1219.2 +5.2 1218.7 +4.7 1219.5 +5.5
1103 1.0 1096.1 —6 .9 1094.4 - 8 . 6 1097.7 “5 . 3
857 1.0 854.1 “2 . 9 853.7 “3 .3 853.3 “3 .7
546 1.0 547 .8 + 1 .8 545.9 -0 . 1 546.3 +0.3
440 1.0 437.0 “3 .0 438 .7 “ 1 .3 439.9 -0 . 1
|d v  1 c .3 5 .4 5 .4
WSQER 1.400 X 10-3 1.532 X 10-3 2.278  3 10-3
TABLE 3.18
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Spectra and assignments fo r  1 , 2- d i f lu o r o  Benzene have been reported  
by Nonnenmacher and Mecke^^^^, S co tt  et  and Green e t  .
The freq u en cie s  used in  t h i s  work are th ose  o f  Green, w ith two 
reassignm ents .  C a lcu la tions  c o n s i s t e n t ly  p lace  1625 cm” "' as the a  ^
and 1609 cm  ^ as the b^ fundamental. Experimental evidence i s  
in co n c lu s iv e  fo r  e i th e r  s e t  o f  assignm ents.
f 5 9 lFrom an in v e s t ig a t io n  o f  the microwave sp ec tra ,  Hatta and Kozima 
a ss ig n ed  the low est a  ^ fundamental as 255 -  10 cm S co tt  a ss ign ed
the low est a  ^ fundamental to  a vw w  Raman band at 24O cm*"^  which was not 
d e tec ted  when the Raman spectrum was re-examined by Pearce^^^l An 
examination, by Pearce, o f  %he gas phase in fr a  red spectrum showed a 
confused contour centred  a t  283 cm I t  cannot be a type B contour
as t h i s  would in d ic a te  a b^ fundamental, th e  low est o f  which i s  observed
to  be a t  440 cm  ^ and c a lc u la te d  by Scherer^^^^. Also there  i s  no
stron g  Q branch and th e r e fo r e  i t  cannot be the b  ^ fundamental observed  
in  the Raman spectrum at 298 cm ^. The l iq u id  phase in fr a  red spectrum  
shows on ly  one band centred  at 287 cm  ^  ^ too  fa r  removed from 298 cm  ^
to  be the b  ^ fundamental. Scherer c a lc u la te d  the low est a  ^ fundamental
to  be a t  319 cm \  This su g g ests  th a t  t >?3 low est a .  fundamental i s  at
I





c a l c .v  dv
37 (ABS) 
c a l c .v  dv
37 (/») 
c a l c .v  dv
3096 1.0 3094.1 - 1 .9 3094.4 - 1.6 3095.1 - 0 .9
3087 1.0 3085 .5 - 1 .5 3O85.I - 1 .9 3087.5 40 .5
- 0 . 0 3058.8  : - 3059.6 - 3059.5 -
1608 1.0 161 +5.6 1612.6 +4 . 6 1615.3 +7.3
1456 1.0 1453.9 +3.9 1459.9 +3 .9 1456.0 4O.O
1286 1.0 1281.8 - 4 .2 1282.6 - 3 . 4 1283.0 —3 .0
1066 1.0 1071.6 + 5 .6 1070.3 +4 . 3 1074.0 +8 .0
1008 1.0 1011.0 +3.0 1009.8 + 1 .8 1010.7 +2.7
735 1.0 731.9 —3.1 732.3 - 2 .7 7 3 2 .2 - 2 . 8
524 1.0 521.7 - 2 . 3 522 .9 - 1.1 523.1 - 0 . 9
331 1.0 329 .4 - 1 .6 329 .4 - 1 .6 329.1 - 1 .9
3087 0 . 3 3077.8 - 9 .2 3078.3 - 8 .7 3079.2 - 7 . 8
1608 1.0 1612.9 +4.9 1612.8 + 4 .8 1615.9 +7 .9
1493 1.0 1489.6 - 3 . 4 1489.5 - 3 .5 1488.5 - 4 .5
^2 - 0 . 0 1307.0 - 1308.9 - 1308.4 -
- 0 . 0 1261.1 - 1259.8 - 1261.7 -
1158 1.0 1152.5 - 5 .5 1152.1 - 5 .9 1151 .8 - 6 . 2
1123 1.0 1133.2 + 10 .2 1132.9 +9 .9 1133.9 +10.9
954 1.0 945.6 - 8 . 4 947.2 - 6 . 8 946.1 - 7 .9
514 1.0 504 .8 - 9 .2 505.2 - 8 . 8 505.7 —8 . 3
478 1.0 479 .8 + 1 .8 481.1 +3.1 480 .4 + 2 . 4
|dv  1 4 .7 4*4 . 4 .7
USQER 1.130 X 1 0 - 3 0 .968 X 1 0 - 3 2.593 X 10-3
TABLE 3.19
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Spectra and assignm ents fo r  1 ,3  d i f lu o r o  Benzene have been  
reported  by Ferguson et and r e v is io n s  ma de by Green et
Green's assignments are used in  t h i s  work, with the excep tion  o f  
th e  bg fundamentals at 1265 cm  ^ and 1290 cm  ^ fo r  which th ere  does 
not appear to  be enough ev idence .
1,4 DIFLUORO BEHZERE
106
o b s .v  , w
39




c a l c .v  dv
37 (fo)
c a l c .v dv
3084 0 . 8 3087 .3 +3.3 3086 .9 +2.9 3O89.3 +5 .3
1617 1.0 1615.0 —2.0 1615.4 - 1 .6 1618.1 + 1.1
* 1g 1245
1.0 1251.7 +6.7 1251.3 + 6 . 3 1253.3 +8.3
1142 1.0 1142.8 +0 . 8 1143.3 +1.3 1146.2 +4.2
849 0 . 5 838.1 -1 0 .9 837.6 - 1 1 .4 8 3 8 .8 - 10.2
451 0 . 3 440.0 - 11.0 440.6 -1 0 .4 441 .4 - 9 .6
- 0 . 0 3070.3 - 3071.3 - 3070.8 —
1617 1.0 1611.5 - 5 .5 1610.4 - 6 . 6 1611.1 - 5 .9
1285 1.0 1283.5 - 1 .5 1283.6 - 1 . 4 1283.1 - 1 . 9
635 1.0 645.1 + 10.1 644.1 +9.1 641 .8 + 6^8
451 0 . 3 458.1 +7.1 459 .7 +8 . 7 456 .9 +5 .9
3088 0 . 3 3O85.9 —2 .1 3085.8 - 2 .2 3087.9 - 0 . 1
1425 1.0 1420.7 —4 . 3 1422.3 - 2 .7 1424.5 - 0 .5
®2u 1285 1.0 1281.9 -3 .1 1281.9 -3 .1 1281.7 —3 .3
1083 1.0 1077.6 - 5*4 1076.9 - 6 .1 1073.4 - 9 . 6
352 1.0 350.0 - 2 .0 350.3 - 1 .7 351.7 - 0 .3
- 0 . 0 3072.7 - 3073.3 - 3073.2 -
1511 1.0 1507.9 - 3 .1 1507.1 - 3 .9 1505.8 - 5 .2
®1u 1225 1.0 ■ 1231.5 +6.5 1231.5 +6.5 1233.1 +8.1
1012 1.0 1021.7 +9.7 1020.3 +8.3 1019.9 +7.9
740 1.0 740.0 +0 . 0 742.4 + 2.4 743.3 +3.3
I dv 5 .0 5 .1 5. 1
USQJIR 1.205 X 10-3 1.158 X 10-8 2.680 X 10-8
TABLE 3 .2 0
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Spectra and assignments fo r  1 ,4  d i f lu o r o  Benzene have been  
reported  by Ferguson et al^^^^. S t o j i l j k o v i c  and Whiffen^^^^ made 
a number o f  reassignm ents based on a comparison with 1 ,4  d ich lo r o ,
1 ,4  dibromo and 1 ,4  diodo Benzene. S t e e le  e t  al^^^^ examined the  
l iq u id  phase fa r  in fr a  red spectrum and a ss ig n ed  a band at 352 cm  ^
as the  low est b^^ fundamental. An examination, by P e a r c e ^ o f  
the gas phase fa r  in fr a  red spectrum confirmed t h i s  assignment by the  
ob servation  o f  a band with a type B contour at 346 cm .
The a and b^ fundamentals are Raman a c t i v e .  There i s  a 
ë  3g
moderate Raman band at 451 cm  ^ which i s  t e n t a t i v e l y  a ss ig n ed  as the
low est fundamental fo r  both. K pecies. The two very s tron g  p o la r ise d
—1 —1








. ca lc .v . . .  dv
37 (ABS) 
c a l c .v  dv
37 (/»)
c a l c .v  dv
2313 1.0 2299 .2 - 13 .8 2302.2 - 10 .8 2301.3 —11.7
1595 1.0 1607.6 + 12 .6 1607.8 + 12 .8 1609.9 +14.9
1229 1.0 1238.6 +9.6 1237.2 +8 .2 1240.0 + 11.0
847 0 . 5 832:9 -1 4 .1 833 .4 - 13 .6 836.6 - 1 0 .4
780 1.0 787 .2 +7.2 786.3 +6 .3 78 7 .2 +7 . 2
453 1.0 43 8 .5 - 1 4 .5 439.1 -1 3 .9 439 .8 - 13 .2
' 2304 1.0 2293.1 -1 0 .9 2293.6 - 1 0 .4 2292.3 -1 1 .7
- 0 . 0 1585.1 - 1583.1 - 1584.9 -
"36 1008 1.0 1005.5 - 2 .5 1005.6 —2 . 4 1004.0 - 4 .0
614 1.0 618.0 +4 . 0 617.8 + 3 .8 615.8 + 1 .8
- 0 . 0 427.2 - 428.5 - 42 6 .0 -
2310 1.0 2297.7 -1 2 .3 2301.3 - 8 .7 2299.7 —IO.3
1328 1.0 1331.9 +3 .9 1329.9 + 1.9 1335.1 +7.1
®2u 1287 1.0 1267.2 - 1 9 .8 1267.3 -1 9 .7 1269.1 - 1 7 .9
802 1.0 804.6 + 2 . 6 1 8O4.9 +2.9 % )0 . 6 - 1 . 4
348 1.0 345.8 - 2 . 2 346.1 - 1 .9 347.5 - 0 .5
2277 1.0 2294.6 +17 * 6 ^293.8 + 16.8 2293.7 +16.7
1435 1.0 1431.6 —3 .4 1426.9 - 8.1 1426.5 - 8 .5
®1u 1130 1.0 1122.7 - 7 .3 1126.4 - 3 . 6 -1126.0 - 4 .0
859 1.0 864.3 +5.3 863.9 +4.9 864.7 +5.7
685 1.0 689.1 +4.1 690.8 +5.8 691 .4 + 6 . 4
|dv  1 8 . 2 7 .6 8 . 1
WSQFR 3.617 X 1 0 - 3 3.O85.X 10 3 6 .077 X 1 0 - 3
TABLE 3.21
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The on ly  reported  sp ec tra  and assignments fo r  1 ,4  d if lu o r o  
Tetradeutero Benzene are those  o f  Gates et  S te e le  et al^^^^
examined the  l iq u id  phase fa r  in fr a  red spectrum and a ss ig n ed  the  
low est fundamental to  a band at 348 cm \  Gates e t  a l  exp la ined  
the two moderate p o la r ise d  Raman bands at 828  cm and 867 cm as an 
a^ fundamental in  resonance with an overtone, which would put the  
fundamental above 828 cm \  An examination, by Pearce^^^^, o f  the  
gas phase in fr a  red spectrum showed type A contours at 859 cm  ^ and 
1439 cm \
I f  the weak Raman band at 1595 cm  ^ i s  a ss ign ed  as the a^ 
fundamental, then th ere  i s  no Raman band corresponding to  the b^^ 
fundamental c a lc u la te d  to  l i e  a t  1583 cm \  S im ila r ly ,  th ere  i s  
no Raman band corresponding to  the low est b^^ fundamental c a lc u la te d  




c a l c .v  dv
37 (ABS) 
c a l c .v  dv
37 ( ^
c a l c .v  dv
3094 1.0 3093.9 - 0 .1 3094.3 4O.3 3094.9 4 0 . 9
3094 0 .3 3086.6 - 7 .4 3086.3 - 7 .7 3088.5 - 5 .5
3062 0 .3 3071.4 +9 • 4 3072.2 + 10.2 3072.0 + IO .0
1629 1.0 1627.0 - 2 .0 1626.5 - 2 .5 1627.1 - 1 .9
1629 1.0 1620.0 - 9 .0 1620.6 - 8 . 4 1621.9 -7 .1
1522 1.0 1513.6 - 8 .4 1512.6 - 9 . 4 1510.5 —11 • 5
1443 1.0 1444.5 +1.5 1445.0 +2 .0 1444.9 +1.9
1312 1.0 1316.3 +4 . 3 1316.0 +4 .0 1316.1 +4.1
1287 1.0 1278.2 - 8 . 8 1278.9 - 8 .1 1279.1 - 7 .9
1250 1.0 1258.3 +8.3 1258.9 +8.9 1259.4 + 9 .4
1203 1.0 1212.7 +9.7 1212.2 +9.2 1212.3 +9 .3
1144 1.0 1147.2 +3 . 2  . 114%.? +3.7 1146.9 +2.9
1099 1.0 1099.6 +0 . 6 109^^% . - 0 .7 1099.5 +0.5
966 1.0 9 6 2 .4 - 3 . 6 962.5 - 3 .5 961 .6 - 4 .4
782 1.0 7 8 6 .2 +4.2 786.6 +4.6 786.9 + 4 .9
729 1.0 732 .8 +3 . 8 - 732 .9 +3.9 733.3 + 4 .3
587 1.0 590.1 +3.1 588 .4 + 1.4 587.0 +0 . 0
503 1.0 506.1 +3 .1 507 .6 +4.6 507 .4 + 4 .4
441 1.0 436.6 —4 .4 437 .4 - 3 .6 438 .4 —2 .6
340 1.0 338.5 - 1 .5 3 3 8 .8 —1.2 340.0 +0 . 0
284 1.0 288.2 + 4 .2 288.2 +4.2 287.7 +3 .7
Idvl 4 . 8 5 .0 4 .6
WSQER 1.357 X 10-3 1 .373 X 10-3 2 .514 X 10-3
TABLE 3 .2 2 o
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The on ly  reported  sp ectra  and assignments fo r  1 , 2 , 4  t r i f l u o r o  Benzene 
are hy Ferguson et  al^^^^. The gas phase in fr a  red spectrum was examined 
by Pearce^ Type A contours were found at 966 cm \  782 cm and
729 cm . In th e  fa r  in fr a  red spectrum, Pearce observed a type B contour
at 340 cm \  and a very weak type A contour at 284 cm \
Thus the reassignm ents made, based on the c a lc u la t io n s ,  are the  
replacement o f  bands at 835 cm  ^ and 1376 cm w ith  a band at 1287 cm  ^




39 (ABS) 37 (ABS) 37 (^)
o b s . V w c a lc .v dv c a lc .v dv c a lc .v dv
- 0 .0 3095.8 - 3095.8 - 3096.8 -
1350 1.0 1343.3 - 6 .7 1343.5 - 6 .5 1343.5 - 6 .5
T
1 1010 1.0 ; 1017.5 +7.5 1015.7 +5 .7 1017.1 +7.1
578 1.0 565.2 - 12.8 566.7 - 11.3 567.5 - 10.5
f
- 0 . 0 1298.9 — 1300.8 — 1300.8 —
^ 2 - 0 .0 1181.4 - 1180.5 - 1178.6 -
- 0 . 0 552.7 - ' 555.3 - 553.0 -
- 0 .0 3093.0 - 3093.5 3093.9 -
1620 0 .5 1620.0 + 0 .0 1618.9 —1.1 1621.0 + 1.0
1475 1.0 1467.8 -7 .2 1466.2 - 8 .8 1461.1 - 13.9
t
E 1122 1.0 1130.8 + 8 .8 1130.5 +8 .5  . 1131.5 +9 .5
993 1.0 989.3 - 3 .7 990.7 —2 .3 992.5 - 0 .5
500 1.0 502.5 +2.5 503.3 +3 .3 504.1 +4.1
326 1.0 322.9 -3 .1 322 .8 - 3 .2 322.4 - 3 .6













Spectra and assignm ents fo r  1 ,3 ,5  t r i f lu o r o  Benzene have been reported
B ie ls o n 's  assignm ents were 
r e v ise d  by Ferguson^^'^. - S ch erer 's  va lu es  were used in  t h i s  work w ithout 
m o d ific a tio n .
by B ie ls e n  e t al^^^^ and by Scherer e t al^^^^
1 6 7 ]
1,3,5 TRIFLUORO TRIDEUTERO BEHZEHE
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n h s.v w
39 (ABS) 
c a lc .v  dv
37 (ABS) 
c a lc .v  dv
37 {f)
c a lc .v  dv
2309 1.0 2310.1 +1.1 2310.9 + 1.9 2310.5 + 1.5
1344 1.0 1343.0 —1.0 1343.1 - 0 . 9 1343.2 - 0 .8
t
^ 1 966 1.0 965.0 -1 .0 963.2 - 2 .8 964 .8 -1 .2
575 1.0 565.1 - U 9 566.6 - 8 .4 567 .4 - 7 .6
- 0 .0 1265.1 - 1264.8 - 1265.4 -
t
 ^ 2 - 0 .0 950.1 - 951.1 - 954.7 -
- 0 .0 507.1 - 509 .4 - 504.3 -
2308 1.0 2308.1 +0 .1 2310.1 +2.1 2308. Z +0.2
1606 0 .5 1607.5 + 1.5 1606.1 4 0 . 1 I6O8.2 +2 .2
1420 1.0 1412.0 - 8 .0 1407.2 -1 2 .8 1405.3 - 14.7
E ' 1046 1.0 1045.9 - 0 .1 1048.2 + 2 .2 1047.6 +1 .6
792 1.0 782.9 - 9.1 783 .4 - 8 .6 785.2 - 6 .8
484 1.0 490.6 +6 .6 491.3 +7.3 491.9 +7.9
322 1.0
. . 1  -
321.1 - 0 . 9 321.1 - 0 . 9 320.7 - 1.3
ldv-1 3. 6 4 . 5 4 . 2
WSQER 0 .6 8 8 X 10-3 0 .8 9 8  X 10“3 2.565 X 10 ^
TABLE 3 .2 4
The assignm ents and freq u en cie s  fo r  1 ,3 ,5  t r i f lu o r o  T rideutero Benzene











- 0 .0 3086.6 - 3086.3 - 3088.6 - ■
1634 1.0 1632.9 —1.1 1634.6 +0.6 1636.5 +2.5
1525 1.0 1523.8 -1 .2 1525.1 +0.1 1523.6 - 1.4
1331 1.0 1330.1 - 0 . 9 1330.0 *^ 1.0 1330.6 —0 . 4
1271 1.0 1274.4 + 3 .4 1274.6 +3 .6 1274.2 +3.2
1165 1.0 1165.2 4O.2 1164.8 -0 .2 1164.4 - 0 .6
1050 1.0 1044.1 - 5 .9 1041.5 - 8 .5 1041.2 - 8 .8
684 1.0 683.2 - 0 .8 683.1 -0 . 9 683.3 -0 . 7
458 1.0 453.6 - 4 .4 453.0 - 5 .0 453 .6 —4 .4
325 1.0 322.5 - 2.5 323.0 -2 .0 324.5 - 0 . 5
279 1.0 273.9 - 5.1 273.3 - 5 .7 274.5 —4.5
- 0 .0 3071.5 - 3072.2 - 3072.0 -
1634 1.0 1639.3 +5 .3 1640.5 +6.5 1638.8 ■ +4 .8
1517 1.0 ‘ 1512.9 - 4.1 1512.9 - 4.1 1509.8 - 7 .2
1278 1.0 1278.5 4O .5 1279.2 +1.2 1278.3 4O.3
1243 1.0 1249.1 +6.1 1250.1 ■ +7.1 1252.5 +9 .5
^2 991 1.0 990.3 - 0 .2 988 .6 - 2 .4 989.7 - 1.3
748 1.0 759.3 +11.6 759.3 + 11.3 759.8 + 11.8
6O4 1.0 603.2 - 0 .8 604.2 +0.2 603.4 -0 .6
490 1.0 492.1 +2.1 491 .7 +1.7 492 .4 +2 .4
291 1.0 286.5 —4.5 286.5 —4*5 285.3 - 5 .7
|d\ 3 .2 3.5 3 .7
WSQER 0 .818  X 10"^ 0.981 X 10 3 4.719 X 10-3
TABLE 3.25
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The on ly  reported  sp ectra  and assignm ents fo r  1 ,2 ,3 ,4  te tr a f lu o r o  
Benzene are hy Steele^^^^.
A re-exam in ation ,h y  Pearce^^^^, o f  th e  gas phase in fr a  red spectrum  
showed a type B contour at 684 cm  ^ and a type A contour at 748 cm .
The fa r  in fr a  red gas phase spectrum showed a type B contour at ' 7^9 cm""*.
The Raman spectrum was examined again  as p o la r isa t io n  data was not 
reported  hy S t e e le .
The reassignm ents are as fo l lo w s : -
a^ c la s s
The fundamental expected  to  l i e  a t about 1211 cm  ^ i s  a ssig n ed  to  
a weak, p o la r ise d  Raman l in e  a t 1271 cm , The t e n ta t iv e  assignm ent o f  
th e  low est fundamental as 268 cm  ^ can be f ix e d  a t 278 cm
bg c la s s
C a lcu la tio n s su ggest th a t the fundamental at 1607 cm  ^ should  be 
h igh er , a t l634 cm ^. The 1402 cm  ^ band i s  excluded, and both th e  
1278 cm  ^ and 1243 cm  ^ bands w ith  type A contours in c lu d ed . The assignm ent 
o f  th e  low est fundamental as 310 cm  ^ i s  too  low and i s  rep laced  by th e  weak, 





c a lc .v  dv
37 (ABS) 
c a lc .v  dv
37 {$)
c a lc .v  dv
3090 1.0 3094.9 +4 .9 3095.1 +5.1 3095.8 +5 .8
1642 1.0 1637.5 - 4 .5 1638.7 - 3 .3 1639.4 - 2 .6
1531 1.0 1525.6 - 5 . 4 1524.8 -6 .2 1520.1 - 10.9
1384 1.0 1374.9 - 9.1 1374.8 - 9 .2 1373.8 —IO. 2
1247 1.0 1250.7 43 .7 1250.6 + 3 . 6 1249.5 +2 .5
S 1130 1.0 1132.9 ' +2.9 1132.7 +2.7 1133.3 +3 .3
1002 1.0 996.6 “5 .4 . 997.3 “4 .7 999.0 “3 .0
788 1.0 796.3 + 8 . 3 795.6 +7.6 796.3 +8 .3
578 1.0 570 .9 - 7.1 572.2 - 5 . 8 572 .9 “5 .1
445 1.0 441.2 - 3 .8 441.1 - 3 .9 442.1 “2 .9
310 , 1 .0 304.5 - 5 .5 304.6 “5 .4 304.7 “5 .3
- 0 .0 3093.0 - 3093.5 - 3094.0 -
1642 1.0 1633.0 - 9 .0 1632.8 “9 .2 1632.2 “9 .8
1466 1.0 146^.8 -3 .2 1462.6 “3 .4 1462.4 “ 3 .6
1273 1.0 1286.2 +13.2 1286.2 +13.2 1286.2 + 13.2
1179 1.0 1172.3 - 6 .7 1173.3 “5 .7 1171.2 “7 .8
1056 1.0 1054.2 - 1 .8 1052.1 “3 .9 1053.2 - 2 .8
638 1.0 640.7 +2 .7 640.7 +2.7 639.5 + 1 . 5
5 0 5 1.0 511 .6 + 6 . 6 512.3 + 7 . 3 5 1 2 . 7 + 7 . 7
334 1.0 3 2 9 . 3 —4 .7 3 2 9 . 5 - 4 .5 3 3 0 . 1 “3 .9
- 0 .0 2 7 7 . 6 - 277.2 - 276 .8 -
|dv | 5 . 8 5 .7
c
5 .8
USQFR 1.788 X 10-3 1.735 X 10-3 4.920 X 10-3
TABLE 3.26
117
The on ly  reported  sp ectra  and assignm ents fo r  1 ,2 ,3 ,5  te tr a f lu o r o  
Benzene are hy Steele^^^^.
A re-exam ination^by Pearce^^^^ o f the gas phase in fra red  spectrum  
showed a type A contour a t 788 cm \  and type B contours a t 638 cm  ^
and 505 cm \  which confirm s S t e e le ' s  work.
The gas phase in fr a  red spectrum shows a type A contour a t 1249 cm ^
and a type B contour at 1273 cm 
Reassignm ents are as fo llo w s  
a^ c la s s
The p o la r ise d  Raman band at 1384 cm  ^ id  used in ste a d  o f the p o la r ise d
Raman band a t 1404 cm \  From th e observed band contour, the m issin g
—1
fundamental i s  a ssig n ed  as 1247 cm . From the c a lc u la t io n s , the
m oderately stron g  in fr a  red l iq u id  band a t 445 cm  ^ i s  chosen ra th er than
—1th e band o f s im ila r  s tren g th  a t 471 cm 
bg c la s s
The fundamental p laced  a t 1240 cm  ^ i s  a ssig n ed  to  a band a t 1273 cm ^
w ith  type B contour. The low est fundamental seems to  be h igher than  
— 1




o b s  . V w
39 (ABS)
c a lc .v  dv
37 (ABS) 
c a l c . v  d v
37
c a l c . v  d v
3097 1.0 3093.6 - 3 .4 3094.0 —3.0 3094.5 “2 .5
1641 1.0 1639.0 -2 .0 1638.5 “2 .5 1636.0 “5 .0
1374 1.0 1373.3 - 0 . 7 ■ 1372.1 “ 1.9 1372.0 -2 .0
748 1.0 756.2 +8.2 756.3 +8 .3 756.2 +8.2
487 1.0 486.3 -0 . 7 486.2 - 0 .8 485 .9 -1 .1
280 1.0 282.0 +2.0 281.8 +1 .8 278 .8 - 1 .2
- 0 .0 1625.4 - 1626.5 - 1627.3 —
1196 1.0 1196.3 +0 .3 1197.2 + 1.2 1195.8 -0 .2
1120 1.0 1125.0 +5 .0 1126.2 +6 .2 1126.0 +6.0
637 1.0 633.7 “3 .3 632.3 “4 .7 630.8 - 6 .2
418 1.0 416.5 “ I .5 417.5 “O.5 419.1 + 1 . 1
3088 / - . 1.0 3094.1 + 6 . 1 3094.5 +6 .5 3095.1 +7.1
1435 1.0 1444.9 +9 .9 1446.3 + 11.3 1447.8 + 12 .8
®2u 1224 1.0 1227.1 +3.1 1224.9 +0 . 9 1225.0 + 1.0
700 1.0 711.6 +11.6 710.6 +10.6 712 .4 + 12.4
3455 1.0 343.3 - 2 .2 343.7 “ 1 .8 345.1 —0 . 4
1534 1.0 1527.1 - 6 .9 1526.2 “7 .8 1525.1 “8 .9
1277 1.0 1283.5 +6 .5 1282.3 +5 .3 1281.5 + 4 . 5
" 1 U
1 l6 l 1.0 1164.5 +3 .5 1166.3 +5 .3 1164.8 +3 .8
853 1.0 865.1 + 12.1 865.5 + 12.5 864.0 +11.0
299 1.0 295 .4 “3 .6 295.8 “3 .2 298.2 - 0 .8
]dvl 4.6 4 . 8 4 .8
WSQER 1.311 X  1 0 - 3 1.488 % 10 3 2.546 X 1 0 - 3
TABLE 3.27
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The on ly  reported  sp ec tra  and assignm ents fo r  1 ,2 ,4 ,5  te tr a f lu o r o  
Benzene are hy Ferguson et S te e le  and Whiffen^^^^ made some
reassignm ents on th e  b a s is  o f  a comparison w ith pentafluoro Benzene.
A re-exam in ation , by Pearce^^^^, o f  th e  gas phase in fr a  red spectrum  
showed type B contours at 1435 cm \  1224 cm  ^ and TOO cm and type A 
contours at 1277 cm 1 l6 l cm~  ^ and 853 cm"^.
An ex ten sio n  o f  the range showed a type B contour a t 345*5 cm \  
and a weaker band a t 299 cm o
Thus a l l  b^^ and b^^ fundam entals can be e a s i ly  a ss ig n ed .
The Raman spectrum was re-exam ined, and th e a  ^ and b  ^ fundam entals
1g 3g
rea ss ig n e d . The h ig h est a^^ fundamental must l ie '^ lé O O  cm  ^ and i s  
assig n ed  as l643 cm Of th e two bands 1374 cm and 1338 cm th e  very
stron g  one a t 1374 cm i s  chosen . The weak band a t 832 cm i s  excluded, 
and the low est fundamental i s  a ssig n ed  to  a weak, p o la r ise d  Raman band a t  
280 cm ^.
The h ig h est b^^ fundamental i s  d i f f i c u l t  to  a s s ig n  as th e  very weak 
band a t l6 l1  cm  ^ does seem ra th er low, compared w ith  sep a ra tio n s o f  th e  two
fundam entals ^ l6 0 0  cm ^  in  o ther m o lecu les . The low est fundamental i s  not
as low as 202 cm \  and i s  a ss ig n ed  to  a band a t 4 l8  cm \
PEITTAFLUORO BEHZERE
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o b s . V w
39 (ABS)
c a lc .v  dv
37 (ABS)
c a lc .v  dv
37(A
c a lc .v  dv
3097 1.0 3093.8 —3 .2 3094.2 - 2 .8 3094.8 - 2 .2
1645 1.0 1646.8 + 1.8 1647.7 +2 .7 1644.9 -0 .1
1512 1.0 1521.9 +9 .9 1524.0 + 12.0 1523.0 + 11.0
1414 1.0 1402.3 - 11.7 1402.0 -1 2 .0 1402.1 “ 11.9
1293 1.0 1289.9 —3.1 1^89.7 “3 .3 1288.5 “4 .5
b 1079 1.0 1074.4 —4 .6 ::7 1 .7 “ 7 .3 1072.1 —6 .9
718 1.0 731.1 + 13.1 730.4 + 12.4 731.2 +13.2
578 1.0 576 .6 - 1.4 577 .8 -0 .2 578 .2 4O.2
474 1.0 475 .7 + 1.7 474 .8 + 0 .8 475.0 + 1.0
329 1.0 327 .8 -1 .2 328.1 -0 . 9 329.2 4 0 .2
275 0 .5 277.1 +2.1 276.6 +1.6 274.1 “0 .9
1645 1.0 1641.3 “ 3 .7 1643.3 “ 1.7 1642.9 -2 .1
1535 1.0 1532.1 - 2 .9 1532.6 - 2 .4 1529.9 “5.1
1275 1.0 1273.8 “ 1.2 1272.8 - 2 .2 1272.9 -2 .1
1178 1.0 1185.5 +7.5 <486.2 + 8 .2 1184.4 + 6 .4
1142 . 1.0 1136.3 “5 .7 l '3 7 .2 - 4 . 8 1136.7 “5 .3
958 1.0 955.8 “2 .2 952.9 “5 .1 954.6 “3 .4
688 1.0 684.6 “3*4 685.5 - 2.5 685.0 -3 .0
436 1.0 434 .8 “ 1.2 434.2 “ 1.8 435.2 - 0 .8
304 1.0 302.7 “ 1.3 302 .9 “ 1.1 304.3 +0 . 3
275 0 .5 272 .8 - 2 .2 272.1 “ 2 .9 273.9 “ 1.1
|dv 1 4.1 4 .2 3 .9
WSQER 1.406 X 10-3 1.581 X 10 ^ 2.567 X 10-3
TABLE 3.28
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The on ly  reported  sp ec tra  and assignm ents fo r  Pentafluoro Benzene 
are hy S te e le  and Whiffen^^^^. A re-exam in ation , hy Pearce^^^^, o f  
th e gas phase in fr a  red spectrum showed a type B contour at 7 l8  cm"\ 
and a type A contour at 958 cm ^. The gas phase fa r  in fr a  red spectrum  
showed a type B contour at 329 cm  ^ and a type A contour at 304 cm ~ \
A t e n ta t iv e  reassignm ent o f  th e  low est a  ^ and h^ fundamentals p la ces  
them both at 275 cm
PENTAFLUORO DEUTERO BENZENE
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39 (ABS) 37 (AES) 37(f.)
obs .V w c a lc .v dv c a lc .v dv c a lc .v dv
2315 1.0 2308.4 -6 .6 2310.0 - 5 .0 2308.6 - 6 .4
1644 1.0 1640.9 —3.1 1642.0 -2 .0 1639.3 - 4 .7
1527 1.0 1519.3 - 7 .7 1521.2 - 5 .8 1520.2 - 6 .8
1405 1.0 1394.9 -1 0 .1 1394.0 -1 1 .0 1394.8 -1 0 .2
1288 1.0 1280.7 - 7 .3 1280.3 -7 .7 1279.3 - 8 .7
1075 1.0 1067.9 - 7.1 1065.1 - 9 .9 IO65.5 - 9 .5
705 1.0 716.7 + 11.7 716.2 +11.2 717.0 + 12.0
578 1.0 5 7 6 . lj - 1.9 577 .2 - 0 .8 577.7 “0 .3
467 1.0 473 .9 +6 .9 473.0 +6.0 473.2 +6 .2
325 1.0 327.3 +2 .3 327.6 +2.6 328.7 +3 .7
- 0 .0 277.1 - 276.5 - 274.0 -
1644 1.0 1641.2 —2 .8 1643.2 - 0 .8 1642.9 -1 .1
1515 1.0 1518.1 +3.1 1518.1 +3 1 1516.0 +1.0
1267 1.0 1262.7 - 4 .3 1261.0 -6 .0 1260.8 - 6 .2
1146 1.0 1144.2 - 1 .8 1144.2 —1.8 1144.0 -2 .0
1024 1.0 1017.4 -6.t^ . 1017.9 —6.1 1016.5 - 7 .5
^2 873 1.0 875.6 +2.6 875.0 +2.0 877 .6 +4 . 6
631 1.0 629.0 -2 .0 629.6 —i .4 627.9 - 3 . 1 „.
435 1.0 434.3 - 0 . 7 433.7 -7I .3 434.7 -0 . 3
- 0 .0 302.3 - 302.6 - 303.9 -











r?iiIn t h is  paper on Pentafluoro Benzene, S te e le  and Whiff en*- a ls o
reported  some assignm ents fo r  P entafluoro Beutero Benzene.
The on ly  reassignm ent made was to  r e je c t  th e  moderate in fr a  red  
hand at 1175 cm  ^ \n  favour o f  th e  moderate hand a t I I 46 cm \
HEXAPLUOROBENZENE
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39 (ABS) 37 (ABS) 37 (fo)
o h s  . V w c a l c . V dv c a lc .v dv c a lc .v dv
• 1490 1.0 1490.8 + 0 .8 1490.7 -+O.7 1488.1 - 1.9
559 1.0 558.5 - 0 . 5 560.0 + 1.0 559.4 + 0 . 4
^2S
- 0 .0 774.4 - ' 775.9 - 777.6 -
1655 1.0 1653.0 -2 .0 1654.9 -0 .1 1651.8 - 3 .2
1157 1.0 1158.6 +1. '5 1158.8 + 1 .8 1157.7 +0.7
^ 2 e 443 1.0 445.3 +2 .3 443.6 +0 .6 444.2 + 1 .2
264 1.0 273.6 +9.6 272 .8 + 8 .8 270.5 +6.5
1323 1.0 1327.3 +4.3 1328.1 +5.1 1326.2 +3.2
®1U - 0 .0 609 .8 - 610.3 - 611.7 -
1253 1.0 1258.0 +5.0 1255.5 +2.5 1255.4 + 2 . 4
®2u - 0 .0 270.5 - 269.8 - 275.0
0
-
1530 1.0 1542.7 +12.7 1546.2 + 16.2 ■ 1545.6 + 15.6
^1U 1007 0 . 5 1012.0 +5 .0 1007.1 +0.1 1008.2 + 1.2
315 1.0 315.5 -+0 . 5 315.8 + 0 .8 317.2 +2 .2
Id v l 4 .0 3 .4 3 . 5
WSQER 0.770  X 10 “ 0 .903  X 10 " 3.200 X 10-3
TABLE 3 .3 0
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sp e c tr a  and assignm ents have been reported  fo r  H exafluoro Benzene 
by B elbouille^ '^^’ and by S te e le  and Whiffen^^^^.
The Raman spectrum was re-exam ined, and th e two in a c t iv e  e2u
fundam entals were a ssig n ed  as 64O cm  ^ and 145 cm ^ The freq u en cies
used were taken from S te e le  and W hiffen.
TABLE 3.31
Fundamental Frequencies o f  H exafluoro Benzene
— 1cm c la s s J u s t i f ic a t io n
145 ®2u Raman, w, in  v io la t io n  o f  s e le c t io n  r u le s  0
1 9 5 ^2g
217 ^2u I .R .( g ) ,  Raman, vw, in  v io la t io n  o f  s e le c t io n  r u le s
264 ^2g Raman dp, m
2 7 0 ^2u
315 ®1u I .R . ( g ) , w s ,  a ls o  Raman dp, vw, in  v io la t io n  o f  s e le c t io nru le s
370 Raman dp, m
443 ^2g Raman dp, ms
559 ^1g
Raman p, s
6 0 6 \ u
640 ®2u Raman p a t 1?80 cm ^
714 Raman p a t 1l29 ( l )  or 1436 (g)
7 7 0 *2g
1007 ®1u I .R .( l )  shows 994 w s 'a n d  1019 w s .  Fermi resonance  
o f  e^^ fundamental a t 1007 cm  ^ w ith  370 + 64O = 1010 e .^^
1157 ®2g Raman dp,m .■ . •
1253 V 1157 + 1253 -  2410 . 1655 + 1253 =.2908 2 X 1253.-= 2506 ....
1323 1655 + 1323 = 2978 1157 + 1323 = 2480
1490 Raman p, ms
1530 I .R . ( 1) , v w s
1655 ®2g Raman dp,m
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TABLE 3 .32 In fra--red a c t iv e  Binary Summations fo r
"15 "2g ^2g " lg
®1u ®1u ®1u ^1u ia ®2u
N u ea ®1u ia ®1u ia
^2u ia ®1u ia ia ia
^2u ^2u ia ia ia ®1u
®2u ia %2u ia ^2u ®1u
TABLE 3 .33 Raman â c t iv e  Binary Summations fo r







" ig "zg " lg
®1g " lg  "zg " lg
"zg a 1g+"zg




N u ^ 1 S
ia
"zg "1g
N u ' " lg "zg " lg
®1u a 1g N g " lg
'* 2 u 1g+^2g
127
TABLE 3 .3 4  P o s s i b i l i t i e s  fo r  assignm ent o f  Summation Bands o f  
H exafluoro Benzene
416 145 + 264 = 409
466 145 + 315 = 460(h)
482
514 145 + 370 = 515
553
569
583 264 + 315 = 579
648
717 2 7 0 + 443 = 713
755 315 + 443 = 758
776 217 + 559 = 776
841 195 + 640 = 835
849 145 + 714 = 859
872 315 + 559 = 874
885
965
1010 370 + 640 = 1010
1044 443 + 6 0 6  = 1049
1086 315 + 7 7 0  = 1085
1160
1248
1266 264 + 994 =: 1258
1277 264 + 1019 = 1283





1442 443 + 994 == 1437
1470 ' 315 + 1157 = 1472
1488
1510 264 + 1253 = 1517
1552 559 + 994 == 1553
1565
1575 559 + 1019 = 1578
1600
1693 443 + 1253 = 1696
1710 217 + 1490 = 1707
264 + 27D= 534
145 + 443 = 588 217 + 370 = 587
195  +  606  =  801
264 + SO ii 870
443 + 640 = 1083
145 + 1157 = 1302 
370 + 1019 = 1389 
270  +  1157 =  1427
443 + 1019 = 1462
1 9 5 +  1323 =  1518
























443 + 1323 = 1766
640 + 1157 = 1797
370 + 1530 = 1900
315 + 1655 
714 + 1323 
559 + 1530 
994 + 1157 
1019+ 1157 
606 + 1655 
1157 + 1253 











1019 + 1655 = 2674
1253 + 1655 
1323 + 1655 






6 0 6  + 1157 = 1763 7 7 0  + 994 = 1764
7 7 0  + 1019 = 1789 264 + 1530 = 1794
315 + 1490 = 1805 145 + 1655 = l800
2 7 0  + 1655 = 1925
443 + 1530 = 1973
7 7 0 +  1530 = 2300
1157 + 1323 = 2480




The Force F ie ld s
S ec tio n  4*1 In trod u ction
The P o te n t ia l Energy ex p ressio n  (S ec tio n  2 . l )  i s  com p letely  g e n e r a l. 
I t  does not d i f f e r e n t ia t e  between th e d if fe r e n t  su b s t itu e n ts  on d if fe r e n t  
m olecu les, and can th e r e fo r e  show the fo rce  con stan ts on ly  in  th e most 
gen era l term s.
The G .V .F.F. fo r  th e  s e r ie s  o f  m olecules bein g  stu d ied  can be 
con stru cted , which in c lu d es  a l l  p o s s ib le  typ es o f  in te r a c t io n  between  
a l l  th e  d if f e r e n t  typ es o f  in te r n a l co o rd in a tes , but excludes any e f f e c t s  
from atoms which are not in vo lved  in  th e  in te r n a l coord inate d e f in in g  a 
p a r t ic u la r  fo rce  c o n sta n t. I f  a fo rce  f i e l d  co n ta in in g  every parameter 
d efin ed  were to  be c a lc u la te d , i t  would not n e c e s s a r ily  reproduce th e  
G .V .F .F . o f  each m olecule s in c e  i t  i s  an ov er la y  fo rce  f i e l d ,  based on 
th e  assum ption th a t s im ila r  in te r n a l coord inate deform ations in  s im ila r  
environm ents in  d if f e r e n t  m olecu les should  req u ire  th e  same fo r c e .  I t  
i s  im portant to  r e a l i s e  th a t i t  i s  th e  fo r c e  f i e l d  which i s  tr a n s fe r a b le  
between m o lecu les , and not in d iv id u a l fo rce  c o n sta n ts , s in c e  a fo r c e  
constant i s  d efin ed  on ly  in  terms o f  th e  fo rce  f i e l d  o f  which i t  i s  a 
member. ,
When th e  data s e t  i s  not la r g e  enough to  c a lc u la te  th e  G .V .F .F ., 
c e r ta in  in te r a c t io n  fo rce  con stan ts are ign ored . Such a f i e l d  i s  on ly  
an approxim ation, but provided th a t th e  fo rce  con stan ts to  be ignored are  
chosen on a correct b a s is  i t  should s a t i s f a c t o r i l y  reproduce the observed  
v ib r a t io n a l fr e q u e n c ie s . The ch o ice  o f  which in te r a c t io n  fo rce  
con stan ts are to  be included  in  th e  Benzene fo rce  f i e l d  has been made in
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two ways, as exp la ined  in  Chapter 1. The H .O .F .F ., which was used hy 
Duinker, i s  a method o f  c a lc u la t in g  s tr e tc h /a n g le  bend in te r a c t io n  fo rce  
con stan ts  from th e d iagonal s tr e tc h  fo rce  co n sta n ts , and, as he found, 
no p r e d ic tio n s  can be made concerning many o f  the in te r a c t io n  fo rce  
c o n sta n ts . In th e  M .V .F .F ., th ose  in te r a c t io n  fo rce  con stan ts which 
might be expected  to  be s ig n if ic a n t  are in clu d ed , but care must be taken  
th a t any assum ptions made are v a l id .  C alifau o  ^48] p o in ted  out the  
f a l l a c i e s  in  two common assum ptions. ' The f i r s t  and more se r io u s  i s  th a t  
th e fo rce  con stan ts fo r  th e in te r a c t io n  o f  a C-H s tr e tc h  w ith  any oth er  
coord inate can be n e g le c te d . This i s  based on th e fa c t  th a t s in c e  C-H 
s tr e tc h in g  freq u en cie s  are u s u a lly  much g rea te r  than th e  o th e r s , i t  i s  
p o s s ib le  to  f a c t o r is e  th e se c u la r  equation  and c a lc u la te  th e  C-H s tr e tc h in g  
freq u en c ie s  separately^^^^. This i s  a m athem atical procedure w ithout any 
chem ical b a s is  and cannot be a p p lied  to  C-D s tr e tc h e s  s in c e  th ese  
freq u en cie s  are much c lo s e r  to  th e  o th ers and th e in te r a c t io n  fo rce  
con stan ts cannot be n e g le c te d . But th e  fo r c e  con stan ts fo r  the C-H 
s tr e tc h e s  should  be tr a n s fe r a b le  to  C-D s tr e tc h e s  and v ic e  v ersa , and th e  
above assum ption i s  not v a l id .  The second assum ption o fte n  made i s  th a t  
in te r a c t io n s  between coord inates become l e s s  important th e  fu r th er  apart 
th ey  are in  th e  m olecu le . This i s  a reason ab le approxim ation fo r  some 
la r g e  m o lecu les, but not fo r  system s co n ta in in g  conjugated bonds, l ik e  
Benzene, where resonance s tru c tu res  become im portant.
S e c tio n  4*2 S ca lin g  o f  Force Constants
I t  was n ecessa ry  to  assume th a t a l l  th e  m olecules have th e same bond
len g th s  hnd an g les  s in c e  in  th e Harmonic O s c i l la to r  approxim ation
2V = ]> . . f .  .dR.dR.^ 1 , 3  1,3 1 3
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where dR. and dR. are expressed  in  Angstroms and V ,  the P o te n tia l Energy, 
0
in  rn illid yn e Angstroms. I f  the in te r n a l coord in a tes are sca led  hy 
appropriate bond le n g th s  to  be u n i t l e s s ,  a l l  the fo r c e  con stan ts have to  
be s im ila r ly  sc a le d , by a s c a lin g  fa c to r
(R^2*^23^^ angle bend da
and by r^^ fo r  an in -p la n e  angle bend dp.
Thus a l l  the fo r c e  co n sta n ts  are expressed  in  u n it s  o f fo rce  per u n it
o
le n g th , th a t i s  m illid y n e s  p e f  Angstrom. This s c a lin g  o f the fo rce  
co n sta n ts  was im p lic it  in  a l l  the c a lc u la t io n s . So th a t the fo r c e  co n sta n ts  
are tr a n sfe r a b le  between m olecu les , e i th e r  the approxim ation i s  made th a t  
a l l  m olecu les have the same geom etry, so th a t the in te r n a l coord in ates  
to  which they r e fe r  con ta in  bonds o f  con stan t le n g th , or, the true  
geom etries are used , and the fo r c e  co n sta n ts  are sca led  v ia  the  
s p e c if ic a t io n  m atrix Z.
I t  i s  im portant to  r e a l i s e  th a t th ere are two d is t in c t  s e t s  o f u n it s  
commonly used in  the l i t e r a t u r e .  Force co n sta n ts  can be expressed  in  
u n it s  o f
o
n/m (md/A) or 
10^ R/m(md/A), 10  ^ H/rad (m d/rad), 10 Em/rad^(md A/rad^)
C onsideration  o f  the P o te n t ia l Energy fu n c tio n  shows how th ese  two s e t s  
are r e la te d ,
R/m 2V = f  (r  R ) p. a .' a  0 0 1 1
,2Rm/rad 2V = f » ( P . a . )  
' a i l
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Table 4«1
FORCE CORSTART URITS R/m MULTIPLICATIOR
FACTOR
URITS •
^ i ' ( ^ i^ i+ l )  e t c . 1
^ i ' ( ^ i^ i+ l)  Gto. 1 10 R/m
( r . R. )  e t c .  ' 1 1/ 1
N 10“® R/rad
( P. R. ) ,  ( p . r . ) r"0
a . , ( a . a .  .)  e t c . Ri '  ' 1 i + r 0
9 i ' ( P iP i+ l )  e tc - 10 Rin/rad^
“i+1^
Because th e  Benzene geom etry i s  assumed fo r  a l l  m olecules
(R. . . R. ) ^ = R ( fo r  an a. deform ation)
1- 1  1 0  1
S i s  H or P as ap p rop ria te .
I t  i s  convenient to  m u ltip ly  th e va lu e  o f  the fo rce  con stan ts by 10 . 
Thus th e  u n its  used in  t h i s  work are
• R/m, •10“ .^° R /rad, 10” ^  ^ Rm/rad^ - .
This s e t  was chosen because when th e e f f e c t  i s  compared o f  d if fe r e n t  
environm ents on th e  deform ation o f  an an gle bend, or th e d if fe r e n c e  
between th e  fo r c e  requ ired  to  deform a C-H bond, and th e fo r c e  requ ired  to  
deform a C-P bond in  th e  same environm ent, u n its  o f  fo r c e  per u n it  angular  
disp lacem ent are p re fer a b le  to  u n its  o f  fo rce  per u n it  le n g th .
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S e c tio n  4*3 'A bsolu te/P ercen tage W eighting
As exp la in ed  in  s e c t io n s  2 .2  ,and 2 . 3 ,  th e  tru e v ib r a t io n a l frequency  
may d i f f e r  from the observed fo r  two main reason s, anharm onicity o f  
v ib r a tio n s  and random errors in  measurements There seems to  be some 
con troversy  concerning the w eigh tin g  o f  th e  fr eq u en c ie s , done by in c lu d in g  . 
a weight m atrix , P, in  the equations to  be s c l f e d  to  o b ta in  co rr ec tio n s  to  
th e fo rce  c o n sta n ts .
r 2S"1Duinker m aintained th a t , as Brodersen and Langseth*- had found th a t
in  Benzene the errors due to  anharm onicity were sm a ll, then , s in c e  the
anharm onicity o f  a v ib r a tio n  i s  s tr o n g ly  c o r r e la te d  w ith  the am plitude
o f  motion in  th a t v ib r a t io n , th e replacem ent o f  l ig h t  Hydrogen atoms w ith
much h ea v ier  F lu orin e atoms would be expected  to  cause a red u ction  in  th e
anharm onicity o f  v ib r a t io n . He th ere fo re  used percentage w eig h tin g .
r 491 ^Aldous and M ills'- expressed  the view  th a t i f  the freq u en cies  are  
not co rrected  fo r  anharm onicity, then  s in c e  th e d if fe r e n c e s  between  
observed and c a lc u la te d  freq u en cies  are not due to  experim ental error but 
to  anharm onicity, th ese  errors w i l l  be g rea te r  fo r  th e  h igh er fr e q u e n c ie s , 
and BO percentage w eigh tin g  should  be u sed .
Overend and Scherer^^^^ con sid ered  th a t enharmonic e f f e c t s  are not 
random, and as th e experim ental errors are even ly  d is tr ib u te d , a b so lu te  
w eigh tin g  should  be u sed . In favour o f  t h e ir  arguments, i t  should  be 
noted th a t harmonic co rr ec tio n s  are alm ost always p o s i t iv e ,  whereas th e  
e f f e c t  o f  the w eight m atrix i s  to  g iv e  an unbiased d isp e r s io n  each s id e  
o f  th e c a lc u la te d  frequency.
To make allow ances fo r  a la r g e r  than normal u n cer ta in ty  in  a p a r tic u la r  
frequency, th e  corresponding en try  in  P may be decreased  by a fr a c t io n a l  
en try  in  W, a num erical d iagonal m atrix . / \ . °  are th e  e ig en  v a lu e s , so 
th e m atrices and are d ia g o n a l.
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For an a b so lu te  f i t
P
For a percentage f i t
. ( a T
o
P = [ A J  w
S e c tio n  4«4 S t a t i s t i c a l  D isp ersio n
The d isp e r s io n  on th e  fo rce  con stan ts i s  g iv en  by th e  fo llo w in g  
form ula.
cr [ f  . ]  f  — j = 1 . . . . r
provided  th e elem ents o f  th e F m atrix are fr e e  v a r ia b le s  so th a t |K |/  0,
The symbols are d efin ed  as fo llo w s  
K = [J»P J]“  ^ where
i  ^
J i s  th e  Jacob ian  m atrix w ith  elem ents / 3  fjy m
P i s  th e  w eigh tin g  m atrix , which, as d escr ib ed  p r e v io u s ly , i s  [A .p N  fo r  
a b so lu te  w eigh tin g  and [ i \ p ^ ]  fo r  percentage w e ig h tin g , 
r i s  th e  number o f  fo r c e  c o n sta n ts . ' 
s i s  th e  number o f  freq u en cies  ,
and u = ePe* i s  th e  w eighted sum o f  th e  squares o f  th e  re s id u a l errors  
where th e error, v ec to r  e = AfJ -  A TV
I f  th e  s t a t i s t i c a l  d isp e r s io n  o f  a fo r c e  constant i s  o f  th e  same 
order o f  magnitude as th e  fo rce  constant i t s e l f ,  i t  may not be s e t  equal 
to  zero and n eg le c ted  com p lete ly . The c a lc u la t io n s  show th a t although  
th e  fo r c e  constant i s  extrem ely i l l - d e f in e d ,  i t s  va lu e l i e s  somewhere 
w ith in  th e  range, not a t th e  a rb itra r y  p o in t zer o .
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Because the method o f  d er iv in g  the ex p ressio n  fo r  the Jacobian i s  
based on f i r s t  order p ertu rb ation  th eory , the term "perturbation" should  
be used to  d escr ib e  the d e r iv a tio n  o f  the Jacobian ra th er than th9 e n t ir e  
p ro cess  o f fo r c e  con stan t e v a lu a tio n .
[14, 49 , 100, 101]
Section 4*5 Problems arising during the .Force Constant Refinement Process 
The refinement process minimises some function of the difference 
between the calculated and observed frequencies, chosen to be
'X= Z  p [f(v ° )- f (v .  °)]2
i i ^
where f ( v ^ )  i s  a fu n c tio n  o f  the i^^ frequency in  a s e t  and P  ^ i s  an
appropriate w eigh tin g  fa c to r  (S e c tio n  4*3) .
To m inim ise OC w ith  re sp e c t to  adjustm ents in  the n^^ s e t  o f m fo rce  
co n sta n ts , OC i s  expressed  in  terms o f  the Af^ by r e la t in g  the change A”X^^ 
in  the i^^ e ig en  va lu e to  the changes in  the fo rce  co n sta n ts  through a 
Taylor s e r ie s  expansion 1
 - 0 = z
J 3 f
Af + i Z. 
 ^ j,k
+ higher order terms 
is the Jacobian matrix,
n
( 1).
I f  a l l  second and h igh er  order terms are n e g le c te d , the A"X are l in e a r ly  
r e la te d  to  the Af^ by the m atrix equation
[ a a ” ] = j"  [A f" r^  ( 2 )
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R on -1 in ea r ity
I f  the c o r r e c tio n s  Af^ are very sm all, the second order terms in  
Eq ( l )  can he n e g le c te d  and Eq (2) i s  a good approxim ation. I f ,  however, 
the i n i t i a l  fo r c e  f i e l d  i s  not c lo se  to  the f in a l  fo r c e  f i e l d ,  t h is  
approxim ation does not n e c e s s a r ily  h o ld , and second and h igh er order terms 
become im portant. Eq (2 ) i s  no lo n g er  v a l id ,  so the f i t  may g e t  worse, 
and the c a lc u la t io n s  become u n sta b le .
I f  the co n d itio n  o f  l in e a r i t y  i s  not upheld, and the Af are too la r g e ,  
or would le a d  to  unreasonable f * s ,  the c o r r e c t io n s  are sca led  down such th a t
^n+1 = + aAf^ 0 <  a <  1
and second and h igh er order terms can again  be n e g le c te d .
S in g u la r ity
Hie normal equation  to  be so lv ed  to  o b ta in  the changes which have to  
be made to  the fo r c e  co n sta n ts  i s  
AP = ( j ’^ wj) " N N a /V
where A A . i s  a column m atrix whose i"^  ^ elem ent A X  i s  the change in  the
. th  . .1 e ig en  v a lu e .
I f  the determ inant o f the m atrix ( J^WJ) i s  equal to  zero , th e  m atrix
i s  s in g u la r  and cannot be in v e r te d . With a computer, and a good num erical
method, however, apparently  s a t is fa c to r y  s o lu t io n s  to  the normal 'equation can
be ob tained  even when the m atrix i s  very  c lo s e  to  b ein g  s in g u la r .
t  ^S in g u la r ity  in  ( j  WJ) can be t e s te d  fo r  by comparing the determ inant o f  
the m atrix w ith  the product o f  the d iagonal elem ents — i f  the determ inant 
i s  sm all by t h is  standard, then the equations are i l l - c o n d it io n e d .  S ince the  
m atrix i s  symmetric and p o s it iv e  d e f in i t e ,  i t ,  must be dominated by i t s  
d iagonal e lem en ts. The determ inant w i l l  be made sm aller  by o ff-d ia g o n a l 
elem en ts. I f  th ese  are sm all, the product and the d iagon a ls  w i l l  be o f  the
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same order o f  magnitude and the c o r r e la t io n  c o e f f i c ie n t s  remain unim portant, 
hut a s  they  g e t  la r g e r , (J^WJ) approaches s in g u la r ity , and some o f the  
c o r r e la t io n  c o e f f i c ie n t s  s ta r t  to  approach u n ity . U su a lly  in  t h is  ca se , 
one o f  the d iagonal elem ents o f  ( j  WJ) w i l l  he la r g e , g iv in g  r i s e  to  a 
high  u n cer ta in ty  in  the a s so c ia te d  fo rce  c o n sta n ts .
Hiese n e a r - lin e a r  dependencies can he removed e i th e r  hy the in tro d u ctio n  
o f  more data , or by co n stra in in g  to  a f ix e d  va lu e th ose  fo r c e  co n sta n ts  which 




D iscu ss io n  o f  th e Force F ie ld s
S ec tio n  5 .1  S e le c t io n  o f  th e  Parameters fo r  th e  M odified Valence 
Force F ie ld
A number o f c o n str a in ts  were p laced  on the quadratic fo rce  f i e l d .
C>
The s tr e tc h in g  o f  the r in g  C-C bond depends on th e two su b s t itu e n ts  
on th e  carbon atoms in v o lv e d . A l in e a r  r e la t io n s h ip  was introduced
= i  { r™  + R ^ }
The s tr e tc h in g  o f  th e  C-X bond, where X = H or F, depends on the  
o r th o -su b s t itu e n ts , but not on th o se  in  th e meta or para p o s it io n s .
Two l in e a r  r e la t io n s h ip s  were introduced
r^ (H ) = i  {  r™(H) + r^ (H )]  
and = -J-  ^r ^ ( p )  + r ^ ( p ) }
The an g le  bend depends on th e  su b s titu e n t  on th e cen tra l carbon
atom.
The in -p la n e  an gle bend o f  th e  C-X bond i s  ortho dependent o n ly .
Two l in e a r  r e la t io n s h ip s  were in trod u ced .
= i  {  P™(p) + P™ (p)}
The in te r a c t io n  fo rce  con stan ts depend on ly  on th e  atoms in vo lved  
in  th e deform ation .
F o llow in g  Scherer and Overend^^^, th e  Kekule type C-C/C-C in te r a c t io n  
r e la t io n  was assumed.
(R. R.^^) = -(R, R.^p = (»i Ri+3)
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The assum ptions a lread y  made can he summarised as fo llo w s
th e Harmonic O s c i l la to r  approxim ation was used to  d er iv e  th e  p o te n t ia l  
fu n c tio n
th e freq u en cies  were not corrected  fo r  anharm onicity
a l l  th e  F lu or in e  su b s t itu te d  Benzenes were assumed to  be ÿL^-uar
th e Cg framework was assumed to  be a regu lar hexagon w ith Benzene 
geometry
a l l  th e  C-F bonds were assumed to  make 120° an g les w ith  th e C-C 
bonds o f  the C^  r in g
a l l  C-F bonds were assumed to  be o f  equal le n g th .
The aim, th e r e fo r e , was to  in troduce th e few est in te r a c t io n  fo rce  
con stan ts n ecessa ry  fo r  th e average frequency d e v ia t io n  to  be 10-15 cm \
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Because o f  th e  d ir e c t io n a l character o f P, non-zero v a lu es o f the
terms
2nr^R oZ  P i K  - « ] ) 2npr^R^ZPj(ai_^3 -  d.^3)
in  th e  p o te n t ia l  energy ex p ressio n  are in c o n s is te n t  w ith  th e symmetry 
o f  th e  m olecu le .
There are a ls o  th ree  independent r e la t io n s h ip s  between th e in te r n a l  
coord in a tes (S ec tio n  I .4 ) .  S ince th ey  expected  to  be sm a ll, 
e x p l i c i t  mention was removed o f  th e  terms
“^ i “ i+ 2^ ’ “^ i “ i+ 3^
As t h is  s t i l l  l e f t  a very  la rg e  number o f  fo r c e  co n sta n ts , more 
a r b itr a r y  r e s t r ic t io n s  were imposed. The fo llo w in g  in te r a c t io n  fo rce  
con stan ts were s e t  equal to  zero .






( ° i  ^1+3)
( f i  ri+3)
(P i ^ i+2 
(P i ^ i+2
A ll in v o lv e  in te r n a l coord inates which are n on -a d ja cen t.
C ertain  con stan ts which were expected  to  be sm all were introduced  
l a t e r  to  exp lore th e  e f f e c t s  on th e f i e l d .
(P (H) Ri+i), (Pi(P)Ri+l)
(r i(H ) Hi)
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S e c tio n  5*2 The Force F ie ld s  Obtained u s in g  th e  Constrain t
B j+l) = -(%i Bi+2) " Bi+3)
I n i t i a l  gu esses  fo r  th e fo rce  con stan ts were in sp ir e d  'Ey Duinker 
and M ills^ ^ ’ fo r  Benzene, and S te e le  and Whiffen^^^^^ fo r
cl>
Hexafluoro Benzene. Convergence was smooth and rapid.
There was no s ig n if ic a n t  e f f e c t  when c e r ta in  i l l - d e f in e d  terms 
such as (p .(F ) (r .fP ÏR .^ g) (Table 5 - 1 , 37 (ABS), 37
were con stra in ed  to  zero .
The parameters (rv(H)R^) and (a^r^(H)) are s tr o n g ly  c o r r e la te d . 
C onstrain ing one produces a s ig n if ic a n t  va lu e fo r  th e  o th er , but th e  
va lu es cannot be f ix e d  by th e  data a v a i la b le .  C onstrain ing both fo r c e  
con stan ts to  zero has n e g l ig ib le  e f f e c t  on th e  f i e l d .
The r e la t iv e  m erits o f a b so lu te  and percentage w eigh tin g  have been  
d iscu sse d  (S e c tio n  4 «3) • I t  can be seen  from Table 5*1 th a t th e  e f f e c t  
o f  changing th e  w eigh tin g  i s  in s ig n i f i c a n t .
Because th e  frequency data are a f fe c te d  w ith  errors (S e c tio n  2 . 3) ,  
th e  v a lu es o f th e  fo rce  con stan ts can be changed s l i g h t l y  w ithout 
s ig n i f ic a n t  cEaiiges to  th e f i t .
I t  was found th a t two or th ree  erroneous assignm ents had l i t t l e  
e f f e c t  on th e  f i e l d .  This g r e a t ly  in cr ea se s  con fid en ce in  th e  converged  
r e s u l t s .
A se r io u s  problem w ith  fo rce  constant c a lc u la t io n s  i s  th a t th e  
converged v a lu es  fo r  th e  fo rce  con stan ts depend upon th e i n i t i a l  guesses^^^^^, 
U sing th e  37 parameter f i e l d ,  and m inim ising th e  le a s t  squares o f th e  ,
a b so lu te  errors o f  the fr eq u en c ie s , a new set o f  i n i t i a l  va lu es was ch o sen ., ;
[21 IW hiffen^s v a lu es  were g iven  to  th o se  parameters which occur in  Benzene. ' 
The d iagonal fo r c e  con stan ts in v o lv in g  F lu or in e  atoms were g iven  th e v a lu es >
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ob ta in ed  in  t h is  work, and a l l  th e  o th er in te r a c t io n  fo r c e  con stan ts were 
s e t  to  zero . Convergence onto th e  va lu es g iven  in  Table 5»1 37(ABS) 
was very  ra p id .
One o f th e  t e s t s  fo r  t r a n s f e r a b i l i t y  i s  th a t th o se  fo rce  con stan ts in  
th e M .V.P.F. a p p lied  to  a l l  th e  F lu or in e  s u b s t itu te d  Benzenes which occur 
in  Benzene, are in  reasonab le agreement w ith  th e va lu es c a lc u la te d  se p a r a te ly  
fo r  Benzene. Table 5*3 compares th e  re lev a n t fo r c e  con stan ts o f the  
37(ABS) f i e l d  w ith  Duinker^s fo rce  field^^^^ fo r  th e in -p la n e  v ib r a tio n s  
o f  Benzene, I t  must be remembered th a t h is  v a lu es were used as th e i n i t i a l  
g u e sse s , and th e  models were s im ila r , but th e t r a n s f e r a b i l i t y  co n d itio n  is  
a sev ere  ex tra  c o n s tr a in t , and th e ex ten t (?f agreement i s  most encouraging.
Section 5*3 The Effects of lifting the Constraint
(Rj R.^^) = -(E jR i+g) = (RjRi+3)'
One o f  th e  most important c o n s tr a in ts  p laced  on th e gen era l quadratic  
fo r c e  f i e l d  was th a t
(R iE i^ l) = -(R iR i+g) = (RiRi+s)
The v ib r a t io n a l problem was re-exam ined, w ithout t h is  r e s t r i c t io n .
The d i f f i c u l t i e s  encountered are d iscu sse d  in  S e c tio n  4 -5 • A la rg e  number 
o f  in te r a c t io n  fo rce  con stan ts were s e l e c t i v e l y  con stra in ed  to  zero , but th e  
c a lc u la t io n s  remained u n sta b le . C onsidering on ly  th e d iagonal fo rce  
co n sta n ts , comparison o f  Tables 5«1 and 5 . 2  show th e  tren d s .
r™(H) <  r^ (H ) <  r™ (p) <  r™(P)
a(H) <  a(P)
3™ (h) >  p ^ (h )
P™(P) ^  P ^(F )
I
to  be th e  same in  both s e t s  o f c a lc u la t io n s .  When th e co n stra in t on th e  
C-C/C-C in te r a c t io n s  i s  removed, th e  C-C d iagonal s tr e tc h in g  fo r c e  con stan ts
143
are iD.-d e f in e d , which a f f e c t s  a l l  in te r a c t io n  fo rce  con stan ts in v o lv in g  
th e  C-C s tr e tc h ,  and, though to  a sm aller  e x te n t , every parameter in  the  
f i e l d .
The opportun ity  was taken  to  exp lore th e  e f f e c t s  o f  co n stra in in g  
(r\(E)& ^) to  d if fe r e n t  v a lu e s , hut i t  appears to  have very l i t t l e  
s ig n if ic a n c e  on th e convergence.
Scherer^^^ obtained  a M .V.F.P. fo r  th e in -p la n e  v ib r a tio n s  o f  the  
C hlorine su b s t itu te d  Benzenes, where ’ (^ iN + 3  ^ were
sep ara te  param eters. Because h is  concept o f  an in -p la n e  angle bend i s  
derived  from th e U rey-Bradley mode, d ir e c t  comparison o f  h is  f i e l d  w ith  
ours i s  not r e a l ly  p o s s ib le .
HH ClClHis c a lc u la t io n s  show th a t R /  R . Our c a lc u la t io n s  show
HH FF HH FFth a t R >  R , or R R , depending upon which in te r a c t io n  fo rce
con stan ts are co n stra in ed .
Our c a lc u la t io n s  do not in d ic a te
(RiR.^^) >  I (R.R.^^) I >  (R ,R .^3)
The l a t t e r  two appear to  be o f  comparable magnitude, and on ly  s l i g h t l y  
sm a ller  than (R^R^^^) on ly  as th e  c a lc u la t io n s  are u n sta b le , one would 
not l ik e  to  be dogmatic about t h i s ,  but we do not f in d  S ch erer’s f i e l d  
a ccep ta b le  in  th e  l ig h t  o f t h is  work. I t  i s  f e l t  th a t th e  m athem atical 
d i f f i c u l t i e s  encountered when th e r e s t r i c t io n  i s  r a ise d , and a l l  th e  
u n c e r ta in t ie s  which t h is  in trod u ces in v o lv e  more error than r e ta in in g  th e  
c o n s tr a in t .
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Table 5 .1  ( i )  = -  (R^R^^g) = (^ i^ i+3) " th e  K ekule-type





r H H 694 .6 (5 .3 ) 697.5 (5 .7 ) 698.0 (7 .8 )
j,FF 734.6 (13 .4 ) 733 .8 (13 .5 ) 727 .8 (1 5 .7 )
5 2 .9 (1 .2 ) 53 .3 (1 .2 ) 53 .2 (1 .6 )
r™(H) 507 .7 (1 .6 ) 507 .3 ( 1 . 6) 508 .4 (4 .2 )
r ^ (H ) 517 .3 (1 .6 ) 517.0 ( 1 . 6) 517 .8 (4 .2 )
r™ (F) 594 .0 ( 7 -9) 599 .2 (5 .4 ) 601 .6 (6 .0 )
/ ^ ( F ) 664.2 (9 .7 ) 670.8 (6 .5 ) 669 .2 (7 .6 )
3 .9 ( • 9) 2 .6 (1 .4 ) 3 .6 (3 .3 )
(r i(F )r._^ ,,(F )) 19.6 (6 . 8) 18 .8 (6 .5 ) 20 .4 (7 .6 )
a(E) 108.7 ( 1 -5) 108.6 (1 .5 ) 108.1 (1 .5 )
a(F) 124.7 (20 .6 ) 123.9 ( 17. 8) 125.2 (15 .7 )
-1 0 .5 ( . 8) -1 0 .3 ( . 8) -1 0 .4  ' ( . 8)
P™ (h) 103.4 ( .4 ) 103.5 ( .4 ) 103.9 ( .5 )
P ^ ( h) 8 9 .9 ( . 7) 9 0 .3 ( . 7) 89 .7 ( . 8)
P™ (f ) 193.8 (1 .8 ) 194.0 ( 1 . 8) 193.4 (1 .3 )
P ^ (F ) 175.9 (2 .0 ) 174.8 (1 .9 ) 175.4 (1 .1 )
(Pi(H )P^^l(H )) 2 .2 ( .3 ) 2 .2 ( . 3) 2 .4 ( .4 )
(P i(H )P i^ ,|(F )) 5 .8 ( . 8) 5 .9 ( . 8) 6 .5 ( .9 )
(P iW P i+ l(F ) ) 5 .1 (1 .3 ) 5 .7 (1 .3 ) 6 .6  . ( . 8)
(P i(H )P i^ 2 ® ) —1.1 ( . 3) —1.1 ( . 3) —1 . 6 ( .4 )
.4 ( . 8) .4 ( . 8) - . 6 ( .9 )
(P i(P )P i+ 2 W ) -5 .5 (1 .2 ) —5.0 (1 .2 ) - 4*4 ( .9 )
(P i(H )P i^ 3 (H)) —4 .2 ( .4 ) —4 .3 ( .4 ) - 3 .9 ( .5 )
(P i(H )P i^ 3 (F)) —7.6 (1 .2 ) - 7 .8 (1 .2 ) - 5.1 (1 .4 )
( P iW P i+ j f r ) ) - 6 .7 ( 1 -4) -6 .9 ( 1 . 4) —9 . 8 (1 .0 )





37 (a b s ) 37(#)
(r^(H)Rp -6.3 (5.1) -1.5 (9.7)
(r.(F)R.) 36.2 (3.5) 37.3 (2.3) 38.0 (2-6) .
' 1 l'
—1 • 3 
36!?
(2-7)
38.0 (2.6) 38.5 (3 .3)
(Pi(H)R.) 35.0 (.8) 35.0 (.6) 34.6 (1.0)
(Pi(F)R.) 58.7 (3.4) 55.7 (3.4) 55.3 (3.7)
(Pi(H)Ri^ )^ —4 • 2 (.7) -4.4 (.7) -3.6 (.8)
(Pi(F)R^ ^ )^ -15.5 (2.0) -15.7 (1.9) -14.8 (2.3)
(ot,^ r.(H)) 10.6 (3.1) 6.9 (2.9) 8.3 (7.9)
(«ii-.CF)) - 59 .4 (6 .6) —64 * 4 (4 .1) -63.0 (4.9)
(airi^l(F)) 11.3 (3 .0) 9 .2 (1.8) 10.3 (2 .2)
(Pi(F)r._ l^(F)) —6 .4 (2 .4 )
2.6 (.7) 2 .8 (.7) 3.4 (.7)
(Pi(F)ai^l) 12.6 ( .9 ) 11.6 ( .9 ) 11.4 (.7)
VARIANCE X 1 0 157 158 320
3.44 X 10^9 6 .9 5 X 1 0 ^ ® 3.25 X 10®4
d et[ a ] 1.75 X 1 0 ^ 5 5.4 X 10^5 1.58 X 10 ®^
D E T [a]/ T%( a. . 5.07 X 10-15 7.76 X  1 0 - 1 4 4 .8 2 X 1 0 - 1 2
URITS -  Rm“ \  lOT^O R rad " \ 10"^° Rra rad"^ AS APPROPRIATE
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Table 5*2 (i) included as separate parameters
FORCE
CORSTART 4 2 ( 37 ) (ABS)
FIELD
42(36)  (ABS) 42(36) (abs)
R™ 6 7 2 . 8 ( 1 2 .6 ) 7 0 7 .4 ( 3 .9 ) 70 1 .8 (3 .6 )
rW 6 6 4 .6 ( 1 8 .1 ) 70 5 .7 (12 .2 ) 7 3 8 .4 (8 .1 )
6 1 .9 ( 2 . 2) 6 4 .7 ( 2 .0 ) 6 0 . 8 ( 1 . 7 )
(Ri%i+2) - 3 4 . 4 ( 6 . 4 ) - 5 2 . 2 ( 1 .9 ) - 5 0 . 0 ( 1 .9 )
(RiRi+j) 48 .1 ( 3 . 6) 4 2 . 8 (3 .0 ) 5 0 .5 ( 2  3)
J ® (H ) 5 0 6 7 5 '^ ( 1 . 2 ) 5 0 6 .3 (1 .2 ) 5 0 6 .8 ( 1 -5)
r ^ ( H ) 5 1 6 .4 (1 .2 ) ' 5 1 6 . 2 (1 .2 ) 5 1 6 .5 ( 1 - 5 )
r ™ (F ) 6 0 7 .3 ( 5 .6 ) 5 9 8 .6 (4 .6 ) 5 9 8 .5 ( 4 .8 )
r ^ ( F ) 6 8 5 .9 ( 7 .3 ) 673.1 (5 .5 ) 66 9 .2 (5 .5 )
(r^(H)ri_|_i(H)) - - -
( r - i ( F ) r i ^ l ( F ) )  ■' 2 1 . 8 ( 6 . 6 ) 24 .1 (5 .5 ) 1 0 . 8 (5 .1 )
a(H) 122 .4 (1 2 .5 ) 1 0 8 . 7 (5 .3 ) 109 .4 ( 5 . 4 )
a(P) 137.9 (1 1 .2 ) 126.7 ( 6 .3 ) 123 .9 ( 6 . 0 )
- 2 . 9 ( 6 .3 ) - 9 . 7 ( 3 .0 ) - 9 . 2 ( 3 . 1 )
P™(H) 1 0 1 . 8 ( . 6) 1 0 2 . 0 ( . 6) 1 0 2 . 8 ( . 6 )
P ^ ( H ) 8 9 .5 ( . 8) 8 9 . 6 ( . 8) 8 9 .9 ( . 9 )
P™(F) 189 .8 ( 5 .0 ) 189 .9 (5 .1 ) 192 .8 ( 5 . 2 )
P ^ ( F ) 1 7 2 ' 9 ( 5 . 5 ) 173.9 ( 5 .6 ) 173.6 ( 5 . 7 )
(Pi(H)Pi_^,,(H)) 1^9 ( . 4 ) 2 . 0 ( . 4 ) 2 . 1 ( . 4 )
(P i (H )P ^^ l(F ) ) 4 i 9 ( 1 .5 ) 5 .1 ( 1 .5 ) 5 . 2 ( 1 . 5 )
( P i ( F ) P i ^ / F ) ) 6 . 8 ( 3 . 3 ) 6 . 9 ( 3 .4 ) 4 . 9 ( 3 . 5 )
( P i ( H ) P i ^ 2 ® ) - 1 . 0 ( . 4 ) - 1 . 0 ( . 4 ) - 1 . 1 ( . 4 )
- . 4 ( 1 .5 ) - . 3 ( 1 . 5 ) . 2 ( 1 . 5 )
( 9 i ( F ) 9 i 4 2 (F)) - 8 . 2 ( 3 . 3 ) - 8 . 5 ( 3 .3 ) - 5 . 3 ( 3 . 2 )
( P i ( H ) P i ^ 3 (H)) —2 . 1 ( . 6 ) - 2 . 5 ( . 6 ) —3 .4 ( . 6 )
(P i (H )P 3^3 (F)) —3 * 4 ( 2 . 4 ) —3 . 8 ( 2 . 5 ) —4 . 9 ( 2 . 5 )




CONSTANT 4 2 ( 37) (abs)
FIELD 
4 2 ( 36) (abs) 4 2 ( 36) (ABS)
(i- jH )R .) - 15.0 ( 2 . 8) —l 6 .8  (2 .7 ) -1 5 .8 (2 .8 )
(r^ (F )R .) 40 .3 (2 . 3) 38 .6  (2 .1 ) 36.5 (2 .0 )
( r i ( F ) R .^ ; - -
(r i(F )R i^ P - -
(a^Ri) 14.8 ( 10. 1) 36 .7 36.7
(P .(H )R .) ■ 33.0 ( 1 .0) 3 2 .8  (1 .0 ) 33 .8  : (1 .0 )
(P i(F )R .) 42 .2 (6 .0 ) 4 2 ,7  (6 . 2) 55.1 (4 .5 )
(P i(H )R ,^ ; - 3.0 ( . 8) - 3 .5  ( . 8) —4 . 2 ( . 8)
(P i(F )R i^ ,) - 2 .4 (4 . 2) —4 .4  (4 .1 ) -1 5 .5
(a .r .(H ) ) —1.0 —1.0 —1 . 2 (3 .9 )
( a .r . ( p ) ) - 57 .2 (8 . 2) -5 9 .0  (8 .0 ) -6 9 .2 (6 .9 )
( « i f i+ l f F ) ) 13.1 ( 3 . 5) 11 .3  (3 .4 ) 9 .2 ( 2 . 9)
-
5 . 2 ( 1 . 6) 4 .2  (1 .4 ) 3 .5 (1 .5 )
• 15.6 ( 3 . 1) 14.2 (3 .0 ) 11.8 ( 2 . 8)
VARIANCE X 10“® 125 130 141
TT.a. . 1 11 1.22 X 10^1 5 .0 2  X 10 2.27 X 10
DET [ a] 3.0 X 10“'^ 2 .17  X 10“^ 5 .1 9 X 10“2
DET [ a ] /  TT.a. . 2.45 X 1 0 “ 1 5 4.33 X 1 0 " 1 3 2 .33 X 10“ 12
URITS -  Rm” \  10” ^^ Nrad“ ^, 10“ Nm rad“  ^ AS APPROPRIATE
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Table 5 «3 Comparison o f  th e  Force Constants fo r  th e In -P lane
r 9 10lVibrations of Benzene of Eaton and Duinker*-
Force constant Eaton Du:.nker
R™ 697 .5 ( 5 .7 ) 701 .5 ( 7 .1 )
* (Ri%i+i) 5 3 . 3 ( 1 . 2 ) 5 3 . 1 ( 1 .7 )
r™(H) 5 0 7 .3 (1 .6 ) 51 2 .5 (3 .1 )
a(H) 108.6 ( 1 . 5 ) 109.9 ( 5 .1 )
( « i  a .^^) - 10.3 (0 .8 ) - 9 . 8 ( 3 .3 )
P™(H) 103.5 (0 .4 ) 103.5 ( 0 .8 )
(Pi(H) 2 .2 ( 0 .3 ) 2 .8 ( 0 . 5 )
- 1 . 1 ( 0 . 3 ) - 2 .2 (0 .5 )
( P i ( E ) P i ^ 3 (H)) - 4 .3 ( 0 . 4 ) - 3 . 2 ( 0 .8 )
(a^R^) 38.0 ( 2 . 6 ) 44.1 ( 5 . 7 )
(P i (H )R .) 35 .0 ( 0 .8 ) 3 6 . 4 ( 0 .9 )
(a^r^(H)) 6 . 9 ( 2 . 9 ) —1 «4 ( 2 . 2 )
( P i ( H ) a . ^ l ) 1 2 . 6 ( 0 . 9 ) 6 . 4 ( 1 .8 )
(P i (H )R i+i) —4 . 2 ( . 7 )
* (R %i+i) = -(RiRi+g) = (RiRi+3)
UNITS -Nm“ \  10 N rad” ’’ OR 10 Hm rad“  ^ AS APPROPRIATE
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S ec tio n  5*4 Choice between the Two A lte r n a tiv e  S o lu tio n s  fo r  the
Sp ecies
In th e Bg^ s p e c ie s ,  th e fo rce  constant d isp la y  graphs show two 
d is t in c t  s o lu t io n s  to  th e  fo rce  f i e l d  (se e  S ectio n  1 . 3) fo r  Benzene.
^ 14-14 3'94 md/A ^ 14-14 4 '34  md/A
(I) = +0 . 3b md/S OR (I I )  , = 0^ . 6 6  md/A
= 0 .822  md/A = 0 .8 2 4  md/A .
"Rare = R™ - 2 (R. R^^^) + 2 (R. BL+g) -  (R  ^ R^^j)
^ 1 4 - 1 5  = 2 ( P i ( H ) R i )  -  2 ( P i ( H ) R i + i )  + 2 ( P i ( H ) R ,^ 2 )
I^15_15 = pHH(H) -2(Pi(E)p .+^(H))  + 2 (p . (H )p .^^(H )) - (P i (E )P ,+ j (H ))
Tzi
W hiffen*- chose so lu t io n  I .
^14-14 = 5 .553  -  2 x 0 .633  + 2 x 0 .113  -  0 .573  
= 3 .9 4  md/A
^ 14«>15 = 2 X 0 .0 4 9  - 2x ( - 0 .050) + 2 X 0 .049
= 0 .2 9 6  md/X
=. 0 .866  -  2 X 0 .0 1 6  X 2x ( - 0 . 013) -  (-0 .0 1 5 )
= .0 :8 2 3  md/X 
Drinker and M il ls ^^’ chose s o lu t io n  II
^ 14-14 = 7-015 -  5 X 0 .531  [(R iE i+ i)  = - ( E F i + 2)= (E iR i+ 3) ]
= 4 .3 6  md/A
^ 14_-15 = 2 X 0 .3 3 6  [(pk(H)E_^^) and s e t  to  zero ]
= 0 .6 7 2  md/A
= 0.881  -  2 X 0 .0 2 4  + 2x ( - 0 .019) -  ( -0 .027)
,0
= 0 .8 2 2  md/A
c?
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This work seems to  favour s o lu t io n  I I
^ 1 4 - 1 4  = 6 . 9 7 5  -  5 x  0 . 5 3 3  [ ( h .E.^^)  = - ( R . R . ^ 2 ) = ( h , E . ^ 3 ) ]
O
= 4.31 md/A
^ 1 4 _ 1 5  = 2 X 0 .3 2 3  [(P^(H)R^_^^) and s e t  to  zero]
.;c ■ 0 .6 4 6  md/A
= 0.881  -  2 X 0 .0185  + 2 (-0 .0 0 9 6 ) -  (-O.O369)
= 0 .8 6  md/S
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i s  th e v ib r a tio n  which lead s to  a lte r n a te  lon g  and short
C-C bonds, so th a t in  th e d is to r te d  p o s it io n ,  th e m olecule resem bles 
/
a s in g le  Kekule s tru c tu re  fo r  Benzene,
and t h is  i s  expected  to  have a low er energy than oth er arrangements w ith
th e same t o t a l  degree o f  d is t o r t io n .  The va lu e o f  th e  Kekule C-C
s tr e tc h in g  constant depends s ig n i f ic a n t ly  on which s o lu t io n  i s
chosen (although in  e ith e r  ca se , th e  VS,lue o f  i s  found to  be
a p p reciab ly  sm aller  than fo r  th e  o th er C-C s tr e tc h in g  con stants  
-  ^  Fg_g-w/ 7 .55  md/A) .
The form o f  th e  normal coord in ates in  th e  s p e c ie s  i s  very  
d if fe r e n t  fo r  th e two s o lu t io n s .
L m atrix elem ents fo r  th e  B^^ normal coord in ates o f  Benzene 
c a lc u la te d
a) from W hiffen*s fo rce  f i e l d
b) from C alc. I I  o f  M ills
c) from t h is  work.
(a) . (b) (c)
c a lc 1307 1147 1312 1139 1315 1147.
^14 “40 .456 40.205 4 0 .446 -0 .2 2 5 40.4095 -0.2865"
®15 _-0 .672
4 0 . 790_ 40.190 4-1 .019 40.3345 40.9816
Again, t h is work seems to  favour s o lu t io n I I .
PART 2
The Dihedral Angle of Biphenyl 
and some of its Derivatives
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CHAPTER SIX
The Dihedral Angle of Biphenyl and some of its Derivatives
S e c t io n  6.1 In trod u ction
The Biphenyl m olecu le, which c o n s is t s  o f  two Benzene r in g s  jo in ed  
hy a s in g le  C-C bond, changes geometry w ith  p h y sica l s t a t e ,  and t h is  has
prompted a la r g e  number o f  in v e s t ig a t io n s  (thorough l i t e r a t u r e  s u r v e y ^ .
f 76 -  831 'E a r lie r  s tu d ie s  o f  th e  v ib r a t io n a l sp ectra  o f  Biphenyl*- ” l e f t
many o f th e  assignm ents in  doubt, and f a i l e d  to  g iv e  con vin cing  ev idence  
o f  sp e c tr a l changes accompanying a change o f  s t a t e ,  p a r t ly  because the  
fa r  in fr a  red and low frequency Raman sp ectra  in  d if fe r e n t  p h y sica l 
s t a t e s  had been in ad eq u ately  determ ined or e l s e  obscured by so lv e n t  
bands. The on ly  report^^^^ o f  such evidence bases the s p e c tr a l in t e r ­
p r e ta t io n  on q u a lita t iv e  reaso n in g .
Experim ental ev idence fo r  th e  conform ation o f  Biphenyl in  d if f e r e n t  
p h y sic a l s t a t e s ,  u s in g  many d if fe r e n t  tech n iq u es, can be summarised as 
fo l lo w s .
a) C rysta l
Recent experim ental evidence in d ic a te s  th a t th e m olecule c r y s t a l l i z e s
in  a m onoclin ic c e l l ,  space group P  ^ l / a .  X -ray studies^^^  " show
th a t th e m olecule i s  p lanar, w ith in  th e  l im it s  o f  error o f  the experim ental
r e s u l t s .  Attempts have been made to  ev a lu a te  a p o s s ib le  n o n -p la n a r ity  o f
th e  whole m olecu le, but th e standard d e v ia t io n s  on th ese  c a lc u la te d  v a lu es
o f  th e  d isp lacem ents from th e  plane were large^^^' 86]^ S ig n if ic a n t ly
d if f e r e n t  va lu es fo r  th e len g th  o f  th e  r in g  C-C bond are su ggested ,
_ o
e s p e c ia l ly  th e in te r -r in g  C-C bond. A p revious va lu e o f  1.48  A fo r  the  
l a t t e r ^ , has been used in  most o f  th e subsequent experim ental works and
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th e o r e t ic a l  sp e c u la tio n s  on th e  e le c tr o n ic  s tru c tu re  o f  Biphenyl^^^^.
The more recen t accu rate  determ inations g iv e  a value o f  1.507 2 and
org c l
1.506 which should  cause a r e v is io n  o f  some o f  th e  previous
th e o r e t ic a l  c o n c lu s io n s .
h) S o lu tio n
U.V, stu d ies^ ^ ^ ’ su ggest th a t th e most probable conform ation i s  
non-planar, w ith  a d ih ed ra l an gle o f  20-25°^^^^, assuming th a t th e  change 
in  s p a t ia l  c o n fig u ra tio n  about a s in g le  bond in  conjugated system s may 
a f f e c t  th e t t -T T  in te r a c t io n  (conjugation ) across th e  C-C in te r -r in g  
bond and so a l t e r  th e p o s it io n  and in t e n s i t y  o f  th e  so -ca lled " co n ju g a tio n  
band" a t 247 myu.. The assignm ent o f  t h is  band i s  not c e r ta in , and th ere  
i s  evidence^^^^ which su g g ests  th a t th ere  i s  no con ju gation  in  th e planar
ca se , where i t  should  be a maximum. The MR spectrum su g g ests  both a
fhich
.o [9 l ]
d ih ed ra l an gle o f  40^  ^ C90J a m olecule w  undergoes fr e e  r o ta t io n .
ESR s tu d ie s  su ggest a d ih ed ra l an g le  o f  38
c) Vapc)our
r92tE lectro n  D if fr a c t io n  stu d ies'- g iv e  unequivocal evidence fo r  a 
non-planar s tr u c tu r e , w ith  a d ih ed ra l an gle o f  about 45° -  10° .  U.V. 
spectra^^^^, based on th e  assum ption in d ic a te d  above, su ggest th a t th e  
degree o f  d e v ia t io n  from p la n a r ity  should  be la r g e r  in  th e  vapour s t a t e  
than in  s o lu t io n .
F93lT h eo retica l stu d ies'- -', u s in g  "m olecular mechanics" gave va lu es  fo r  
th e  in t e r - r in g  C-C bond le n g th , d ih ed ra l a n g le , and an g le  X , fo r
th e is o la t e d  m olecule r = I .5 I  A , "%,= 121° ,  0 "= 35° and fo r  th e  c r y s ta l
r = 1.51 A, ^  = 123°; 0 = 0  •
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r 87~i
Calculations*- -* of the electronic energy levels using the method 
due to Pariser, Parr and Pople indicates a dihedral angle of considerably 
less than 45° in solution.
S e c tio n  6 ,2  T h eo retica l P red ic tio n s
S p ectra l changes can a r is e  from changes in  r e s to r in g  fo r c e s ,  and 
changes in  cou p lin g  co n d itio n s r e s u lt in g  from d if fe r e n t  g eom etr ies .
As th e  d ih ed ra l an gle changes, th e TT o r b ita l  overlap  w i l l  vary and 
p o s s ib ly  lead  to  changes in  bond orders and r e s to r in g  fo r c e s  on th e n u c le i .  
Zerbi and Sandroni^^^^ sought ev idence fo r  cou p lin g  between th e r in g s by 
carry in g  out a p ertu rb ation  a n a ly s is  o f  p la y er  Biphenyl u s in g  a U .B .F .P . 
and a S .V .F .F . Their r e s u lt s  in d ic a te  tha", th e ex ten t o f  d e lo c a l is a t io n  
o f  TT bonds acro ss  th e in te r -r in g  C-G bond must be very  sm a ll. They 
a ls o  concluded th a t s t e r i c  in te r a c t io n s  between ortho hydrogens on th e two
rin g s was sm a ll. Thus i t  i s  p red ic ted  th a t th e r e s to r in g  fo r c e s  w i l l  be
o
changed by very  l i t t l e  when Biphenyl lo s e s  i t s  p la n a r ity . I t  i s  assumed 
th a t a change in  geometry le a v e s  th e  fo rce  f i e l d  u n a ffe c ted , so a l l  the  
la r g e  frequency s h i f t s  on tw is t in g  a r is e  from in te r a c t io n  terms in  th e Q 
m atrix .
P ertu rb ation s in  th e e ig en  v a lu es and e ig e ii ÿ ec to rs  on change o f  
conform ation can be expected  from th e  fo llo w in g  phenomena.
( i )  S te r ic  In te r a c tio n s
The normal modes which are most a f fe c te d  by p o s s ib le  s t e r i c  
in te r a c t io n s  between th e  ortho hydrogens can be p icked  out from th e  
c a r te s ia n  d isplacem ent ca lou la tion s^ ^ ^ ^ . The Van der Waal's rad ius o f  
th e  hydrogen, atom ( 1 .24  A) i s  la r g e  compared w ith  the eq u ilib riu m  d ista n ce
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"between th e two ortho hydrogen n u c le i ( l .75 fo r  p lanar Biphenyl and
o
s in c e  th e la r g e s t  d isp lacem ent i s  approxim ately 0 . 3  A, s tro n g  rep u ls io n  
should  occur. In th e  a^ m otions both p a irs  o f  ortho hydrogens are 
bouncing a g a in st one another and in  the b^^ modes on ly  one p a ir  i s  
c o l l id in g .  Hence th e a^ and b^^ fundamentals in v o lv in g  stron g  p 
deform ations w i l l  be more a f fe c te d  than th e corresponding b^^ and b^^ 
modes on s t e r i c  r e la x a t io n . However, th e  frequency s h i f t s  observed  
from th e  liq u id  to  th e c r y s ta l  are very  sm all and o f  th e  order o f  
magnitude o f  the s h i f t s  g e n e r a lly  a scr ib ed  to  changes o f  aggrega tion , 
so th a t s t e r i c  in te r a c t io n s , i f  th ey  e x i s t ,  must be very  sm all and cannot 
be d e tec ted  in  th e  in fr a  red , *inless o th er phenomena take p la c e . I t  has 
been suggested^^^* th a t in  order to  avo id  s t e r i c  h indrances, the
eq u ilib riu m  geometry i s  somewhat d is to r te d  by opening th e  C-C-H a n g le .
I t  could  a ls o  be p o stu la ted  th a t during th e v ib r a tio n s  which b r in g  the  
hydrogens c lo s e r ,  th e  m olecule i s  somewhat tw is te d  out o f  the plane to  
reduce s t r a in .  S t e r ic  rep u ls io n  could  account fo r  th e in creased  bond 
le n g th  in  th e s o l id  s t a t e .
o
( i i )  Resonance In te r a c t io n  between the two Rings
f
I t  i s  g e n e r a lly  assumed th a t tl\e  Biphenyl m olecule i s  a resonance
"95I




in t e r - r in g  double bond. Zerbi and Sandroni^^^^ showed th a t th e b^^ 
and bg_^  modes are g r e a t ly  a f fe c te d  by th e ex ten t o f  d e lo c a l is a t io n  and 
th e ex ten t o f  resonance could  be obtained  from th e va lu es o f  th e  Kekule 
resonance parameter (yo ) in  t h e ir  perturbed U .B .F .F . or by th e va lu es  
and s ig n s  o f  th e  C-C/C-C in te r a c t io n s  in  t h e ir  S .V .F .F . fo r  th e p lanar  
conform ation. The p o s s ib le  e x is te n c e  o f  a sm all co n tr ib u tio n  to  th e
hybrid  from th e double-bonded stru c tu re  was shown in  the s ig n s  o f  c e r ta in
in te r -r in g  fo r c e  c o n sta n ts , a lthough t h e ir  va lu es were sm a ll. To 
support t h i s ,  th ey  repeated  t h e ir  c a lc u la t io n s  o m ittin g  th e se  in te r -r in g  
fo r c e  con stan ts in  th e S .V .F .F . and in s e r t in g  on ly  one jD  parameter in  
th e  U .B .F .F . on ly  to  f in d  th a t a very  s a t is f a c t o r y  f i t  was s t i l l  ob ta in ed .
A sm all d e lo c a l is a t io n  o f  tt e le c tr o n s  acro ss  th e  in te r -r in g  bond
. o 0
(1 .51  A) accounts fo r  th e alm ost normal lejr:.>jth o f  1.54  A fo r  a C-C s in g le
o
bond. The vapour phase value o f  I .4 8  A may im ply a s l i g h t l y  h igh er bond 
ord er.
The double bond stru c tu re  (v) w il l  co n tr ib u te  even l e s s  on tw is t in g
and t h is  would be r e f le c t e d  in  a fo r c e  constant change. C a lcu la tio n s
CC —1
show th a t R drops from 639*2 (5 5 *3) Bm in  th e  s o l id  phase to  593*5
(35*5) Bin  ^ in  th e  s o lu t io n  phase. O bviously, w ith  such la rg e  v a r ia n c es ,
o
i t  i s  im p ossib le  to  e stim a te  th e  magnitude o f  th e  fo rce  constant change, 
but i t  c e r ta in ly  im p lies  a s lig h tly ^ w ea k er  bond. When Biphenyl i s  
considered  as two m ono-su b stitu ted  Benzene m olecu les, (Cg^ symmetry) each 
o f  th e  Cg^ motions o f  Biphenyl g iv in g  r i s e  to  a s p l i t t i n g  o f  th e  o r ig in a l  
degenerate l e v e l s ,  a  ^ modes (C^^) s p l i t  in to  a^ (in -p h ase) and b^^ 
(o u t-o f-p h a se ) p a r a l le l  modes w h ils t  b^ modes (C^^ s p l i t  in to  b^^ (in -p h ase)  
and bg^ (o u t-o f-p h a se ) perp en d icu lar modes. The ajnount o f  s p l i t t i n g  and
th e  even tu al frequency s h i f t s  w i l l  depend on th e  s tren g th  o f  the C-C bond
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Jo in in g  the two r in g s , on the p o s s ib le  s t e r ic  in te r a c t io n s  and on the  
ex ten t o f k in e t ic  cou p lin g  between the two r in g s .
S p ectra l P re d ic tio n s  based on Symmetry C onsiderations
As the d ih ed ral angle i s  r o ta ted  from 0° to  90° , so the n u clear  
geometry changes from through to  In the co n fig u ra tio n ,
the in -p la n e  and o u t-o f-p la n e  v ib r a t io n s  do not in te r a c t  i f  h igh order  
e f f e c t s  such as  C o r io lis  cou p lin g  are ign ored . For a s ig n if ic a n t  
r o ta t io n  about the c en tra l bond -  one la r g e  enough to  change the shape 
o f the p o te n t ia l  w e lls  -  the cen tre  o f symmetry i s  e f f e c t i v e ly  l o s t  and 
the symmetry c la s s e s  o f  the group c o a le sc e  in  p a ir s .  Each p a ir  i s  
c o n s t itu te d  from a gerade and an ungerade s p e c ie s ,  and from an in -p la n e  
and an o u t-o f-p la n e  sp e c ie s  o f  the c o n fig u r a tio n . Thus, provided the  
in -p la n e  and o u t-o f-p la n e  v ib r a t io n a l w avefunctions mix, the v ib r a t io n s  
c o n s t itu t in g  the p a ir s  o f  c la s s e s  w i l l  push one another apart and the m ixing  
o f  the w avefunctions w i l l  le a d  to  a r e la x a t io n  o f the s p e c t r a l^ a c t iv i t ie s .
®2h \  . fu ®1g ^1u ®2g ®2u ^3g ®3u
\ /  \ /
Dg A Eg B
/ \
I>2d ^1 ^ ^2 ^2
Figure 6.1 R ela tio n sh ip s  between v ib r a t io n s  o f d if f e r e n t  symmetry
s p e c ie s  fo r  Biphenyl in  the and  ^ co n fig u ra tio n s
No in te r a c t io n  occurs between the a^ and a^, nor between the b^^ and 
b v ib r a t io n s  on red u ction  o f  the symmetry, though t h is  i s  form ally  a llow ed,
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In the and v ib r a t io n s , the n u c le i ly in g  on the a x is  p a ssin g
f '
through and cannot move w ithout v io la t in g  the appropriate tran s­
form ation  p r o p e r tie s  o f the s p e o ie s . Coupling can only occur through the  
Cg and carbon atom s. The c a r te s ia n  co o rd in a tes  o f th ese  n u c le i fo r
Figure 6 . 2  Numbering o f the Carbon Atoms
A^, A^, and B^  ^ r e p r e se n ta tio n s  r o ta te  w ith  the r in g s  and hence
remain orthogonal fo r  a l l  d ih ed ral a n g le s . Only the a v ib r a t io n s  are
S
a f fe c te d  by the va lu e o f the C-C in te r - r in g  fo r c e  co n sta n t.
In f i r s t  order p ertu rb a tio n  th eory , the in te r a c t io n  between l e v e l s  
depends
( i )  on the in te r a c t io n  in te g r a l » r o ta t io n  o f  the
r in g s  w ith  re sp ec t to  one another w i l l  not a f f e c t  t h is  in te g r a l i f  the
v ib r a t io n a l w avefunctions are lo c a l i s e d  in  the r in g s . o  ■
( i i )  in v e r se ly  on the d if fe r e n c e  between the energy l e v e l s .  This 
im p lie s  th a t in te r a c t io n  w i l l  be weak u n le s s  th ere are s im ila r  v ib r a t io n a l
freq u en c ie s  in  the s p e c ie s  which c o a le sc e .  ^
-1  -1The in -p la n e  fundam entals l i e  between 3000 cm to  about 70 cm
w h ils t  the o u t-o f-p la n e  modes occur only  below 1000 cm I t  fo llo w s
/  \  —  1 from ( i i )  th a t the p ertu rb ation s w i l l  l i e  below 1000 cm . This range
can be narrowed. Coupling can only occur through th ose modes which
span the r in g . Since in te r a c t io n  cannot occur in  the A s p e c ie s ,  t h is
p reclu d es any in te r a c t io n s  through the C-C stretch #  Other in te r n a l
{
deform ations which span the r in g  and may le a d  to  cou p lin g  are  ^ ( o u t -o f -  p lane
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deform ation o f the ex tern a l to  the r in g ) ,  ( in -p la n e  deform ation o f ) 
and ^ or ^  (r in g  to r s io n ) .  The n atu ra l frequency o f the qh 
deform ation l i e s  w e ll above th a t o f the only in -p la n e  deform ation coord inate  
to  span the r in g , P^, bein g  about $00 cm  ^compared to  300 cm ^. Again
in te r a c t io n  i s  p red ic ted  to  be weak. The primary p ertu rb ation s a r is e
from 0  , p  ^ in te r a c t io n s .
S ec tio n  6 . 3  The I n i t i a l  C a l c u l a t i o n s ^
The arom atic r in g s  were assumed to  be regu lar  hexagons, and the bond
le n g th s  were taken as
0
C-C = 1.40 A
C^ —C^  — 1.48  A
_ o
C-H = 1 .084  A
An approximate fo r c e  f i e l d  was composed as fo llo w s . The Benzene
rol
fo r c e  f i e l d  o f  Duinker and M ills   ^ was used fo r  the in -p la n e  deform ation  
co o rd in a te s . The in te r -r in g  s tr e tc h in g  fo rce  con stan t was assumed to  be 
4 .9  md/ 2  -  a va lu e chosen on the b a s is  o f  the known bond le n g t^ a n d  a 
sim ple fo rce  constant/bond  le n g th  r e la t io n  fo r  C-C bonds. No in te r -r in g  
cou p lin g  co n sta n ts  were in troduced  iü  view  o f  the u n cer ta in ty  concerning  
any resonance in te r a c t io n . A ll o u t-o f-p la n e  fo rce  co n sta n ts  were 
tr a n sferred  d ir e c t ly  from d erived  f i e l d s  fo r  Benzene and mono- and p -d i-  
halogeno B e n z e n e s A s  no data was a v a ila b le  on v a lu es  fo r  angle  
bending co n sta n ts  fo r  a carbon su b s t itu e n t  on a r in g , i t  was assumed th a t  
th e energy requ ired  fo r  a u n it  angular deform ation was independent o f  the  
su b s t itu e n t .
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Only 59 normal modes were computed. The m issin g  fundamental i s  
a ttr ib u te d  to  the low est a^ mode, and i s  known as the " b u tterfly "  
to r s io n . This deform ation was om itted  because the nature o f  the to r s io n  
in  s o lu t io n  i s  u n cer ta in . I t  i s  not known whether the to r s io n  occurs  
about a f ix e d  d ih ed ral an g le  i f  the v ib r a t io n  becomes a r o ta t io n a l
degree o f  freedom . Because the frequency o f t h is  mode i s  low , the
approxim ation i s  j u s t i f i e d  as there i s  l i t t l e  m ixing w ith oth er normal 
c o o rd in a te s .
S ec tio n  6 .4  A D iscu ssio n  o f  the Observed and C alcu lated  Frequency S h if t s
fo r  Biphenyl on a Change o f S t a t e » 9 7 ]
The freq u en c ie s  c a lc u la te d  fo r  the A  ^ and A  ^ s p e c ie s  d id  not vary  
w ith  d ih ed ra l a n g le . Except fc*r the lo w est A  ^ mode, the changes observed  
were sm all, and are probably a s so c ia te d  w ith  sm all v a r ia t io n s  in  the C-C
fo r c e  c o n sta n ts . An exam ination o f  the e ig en  v e c to r s  fo r  the low est
. o
mode showed about 30% o f the en erg y ito  be a s so c ia te d  w ith  s tr e tc h in g  o f
the c en tra l C-C bond and a fu r th er  27-g  ^ a r is in g  from the ad jacen t r in g  
an g le  deform ation, in d ic a t in g  th a t a red u ction  in  th ese  fo rce  co n sta n ts  
i s  in vo lved  fo r  a phase change from s o l id  to  l iq u id  to  gaseous phase.
These changes in  the v a lu es  o f the fo r c e  co n sta n ts  must be q u ite  la r g e ,  
perhaps a s  h igh  as 30%, to  account fo r  the 7% v a r ia t io n  in  the observed  
frequency . I t  was f e l t  th a t a study o f  the deu terated  B iphenyls might 
e lu c id a te  the problem o f the r e la t iv e  c o n tr ib u tio n s  o f the two in te r n a l  
deform ations.
The freq u en c ie s  c a lc u la te d  fo r  the B^  ^ and B^  ^ sp e c ie s  d id  not vary  
w ith  d ih ed ral a n g le .
For th ose freq u en c ie s  o f the B^  ^ and B^  ^ s p e c ie s  above 1000 cm  ^ the  
c a lc u la t io n s  showed a sm all dependence on d ih ed ra l angle due to  changes in  
the G m atrix , cou p lin g  terms between symmetry coo rd in a tes  which, fo r  the 
plan ar m olecu le, are in -p la n e .
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I t  was p red ic ted  th a t the most im portant an gle dependence a r is e s
from in te r a c t io n  between the lo w est b . and the second low est b . modes,1g lu. '
both o f  which e x h ib it  about a 20% s h i f t  on change o f d ih ed ral angle from 
0° to  90 ° .
E xperim entally , the b^^ band i s  s h if t e d  28 cm’"'* from a stron g  in fr a  red
band a t 458 cm  ^ in  the s o l id  s ta te  spectrum to  a stron g  in fr a  red band
a t 486 cm  ^ in  the l iq u id .
The b^^ band in  the s o l id  was not observed in  the Raman spectrum, but in
the l iq u id  occurs as a moderate in fra red  band a t  367 cm
The observed frequency s h i f t  o f  the b^^ band corresponds to  a d ihedra l
an g le  in  so lu t io n  o f  around 40°, but as the b^^ and b^^ freq u en c ie s  were
c a lc u la te d  to  be about 50 and 30 cm  ^ h igh  r e sp e c tiv e ly ,^ a n d  s in ce  the
in te r a c t io n  between the l e v e l s  i s  s e n s i t iv e  to  th e ir  frequency sep a ra tio n ,
the u n cer ta in ty  i s  a t l e a s t  10° .
In te r a c t io n  i s  p red ic te d  between the two low est bg^  ^ and bg^ modes,
though sm aller  than th a t between th e b . and b. modes.1u 1g
The bg^ band i s  s h if t e d  6 cm  ^ from a very stron g  in fr a  red band a t  
-1118 cm in  the s o l id  s ta te  spectrum to  a very  stron g  in fr a  red band a t  
112 cm  ^ in  the l iq u id .  ^
The bg^ band i s  s h if t e d  18 cm from a moderate Raman band a t 251 cm 
in  the s o l id  to  a moderate Raman band a t  269 cm in  the l iq u id .
I f  t h i s  s h i f t  i s  a t tr ib u te d  e n t ir e ly  to  G m atrix e f f e c t s ,  then i t  
corresponds to  a d ihedra l an g le  ju s t  over 60° in  s o lu t io n . However,
s in c e  the frequency s h i f t  from m elt to  vapour i s  4 cm in  the o p p o site
d ir e c t io n , t h is  estim a te  was con sid ered  too  h igh , and p referen ce  was g iv en  
to  the va lue deduced from th e s h i f t  in  the s p e c ie s .
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S ectio n  6 .5  The Prequenoy S h if t s  Observed fo r  B^-Biphenyl and ^-Biphenyl
on a Change o f  S ta te  ^
The S p ectra l s h i f t s  observed in  the deuterated d e r iv a t iv e s  o f  Biphenyl
show the same tren d s as th ose  observed in  B iphenyl.
C onsidering -  Biphenyl f i r s t ,  the second lo w est b^^ band i s  s h if t e d
28 cm from a moderate in fr a  red band a t 449 cm in  the s o l id  s ta te
—  1spectrum to  a stron g  in fr a  red band a t  477 cm in  the l iq u id .
The b^^ band in  the s o l id  was not observed in  the Raman spectrum,
but in  the l iq u id  occurs as a weak in fr a  red band a t  359 cm
The lo w est b^^ band i s  s h if t e d  21 cm"'* from a moderate Raman band 
a t 241 cm '* in  the s o l id  to  a moderate Raman band a t 262 cm  ^ in  the l iq u id .
In te r fero m etr ic  s tu d ie s  were not done on t h is  d e r iv a t iv e , so the  
behaviour o f  the second lo w est b^^ band was not observed.
For Q -Biphenyl, the second lo w est b^^ band i s  s h if t e d  27 cm '* from 
a moderate in fr a  red band a t  410 cm '* in  the s o l id  s ta te  spectPum to  a 
stron g  in fr a  red band a t  437 cm '* in  the l iq u id .
c»
The b^^ band in  the s o l id  wa  ^ hot observed in  the Raman spectrum, but
in  the l iq u id  occurs as a stron g  i i ifr a  red band a t 334 cm" .
The lo w est b^^ band i s  s h if t e d  18 cm from a moderate Raman band a t  
225 cm '* in  the s o l id  to  a moderate Raman band a t 243 cm  ^ in  the l iq u id .
The second lo w est bg^ band i s  s h if t e d  7 cm"”* from a very strong  
in fr a  red  band a t 112 cm in  the s o l id  to  a very  stron g  in fr a  red band a t  
105 cm '* in  the l iq u id .
S ec tio n  6 .6  A B iscu ss io n  o f  the Observed and C alcu lated  Frequency S h if t s  
fo r  4 , 4 * B iflu o ro  Biphenyl 
There i s  l i t t l e  d e ta ile d  a n a ly s is  in  the l i t e r a t u r e  o f  the sp ectra  
o f  4 , 4 * d if lu o r o  B iphenyl, but they  are very  s im ila r  to  th ose  o f  Biphenyl 
and can be in te r p r e te d  a cco rd in g ly .
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For the c a lc u la t io n s
C-F = 1.30  2
iDp = 19.000 amu
The fo r c e  f i e l d  used was tra n sferred  from work on mono- and p -d i-h a logen o  
Benzenes^^'
As w ith  B iphenyl, the freq u en c ie s  c a lc u la te d  fo r  the A  ^ and A^
s p e c ie s  d id  not v a iy  w ith  d ih ed ra l a n g le . Except fo r  the lo w est a mode,
the changes observed were sm a ll. The p o te n t ia l d is tr ib u t io n  i s  s im ila r
to  th a t fo r  B iphenyl. Much o f  th e energy o f the low est a mode i s
ë
d erived  from in te r -r in g  s tr e tc h in g  deform ation, which r e f l e c t s  a change 
in  bond order due to  t w is t .
Again, the frequency s h i f t s  observed fo r  the Bg and B  ^ sp e c ie s  are 
sm a ll.
The s tro n g est  in te r a c t io n s  on change o f  d ih ed ral an gle are p red ic te d
between the two lo w est b . modes, and the second and th ir d  low est b .1g ' 1u
modes.
, The lo w est b^^ band i s  s h if t e d  18 cm  ^ from a very weak in fr a  red  
-1band a t 34O cm in  the s o l id  phaso spectrum to  a moderate in fr a  red band 
a t  358 cm  ^ in  the l iq u id .
iÀ 1
The second lo w est b^^ band i s  s h if t e d  ^0 cm from a v e iy  weak in fr a
red band a t 4^4 cm - in  th e s o l id  to  a moderate in fr a  red band 454 cm ^
in  the l iq u id .
The second lo w est b^^ band i s  s h if t e d  28 cm  ^ from a moderate in fr a
red band a t  283 cm  ^ in  the s o l id  to  a moderate in fr a  red  band a t  235 cm ^
in  the l iq u id .
The th ir d  low est b^^ band i s  s h if t e d  from a very  stron g  in fr a  red  
doublet a t  499/505 cm in  the s o l id  to  a stron g  in fr a  red band a t  515 cm ^
in  th e l iq u id .  I
—1 !The observed frequency change o f  the 283 cm band would in d ic a te  a
d ih ed ra l an gle o f  about 32° in  the s o lu t io n .
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Table 6.1 The 20 parameter S .V .F .F . used to  c a lc u la te  the in -p la n e  
v ib r a t io n a l freq u en c ie s  o f Biphenyl ^
I I I
eHH
649.1 (3 3 .4 ) 631 .2 (1 9 .0 )
ECC 440 .0 (2 9 .1 ) 457 .7 (2 5 .5 )
7 3 .2 (8 .1 ) 72 .5 (4 .3 )
-4 1 .8 (1 2 .6 ) —34.6 (9 .5 )
30 .3 (7 .5 ) 2 9 .9 (6 . 1)
(R iR i“ ) 4 9 .4 ( 12. 6 )
-3 1 .9 (1 4 .6 )
^® i^ 'i+1^trans -3 4 .1 (1 4 .1 )
r™ (H) (5 1 1 .6 )* (5 1 1 .6 )*
a(H) 9 3 .2 (5 .4 ) 95 .9 (4 .3 )
«(c) 9 6 .4 (1 7 .1 ) . 100 .2 , (1 5 .5 )
A h) 48,1 (1 .1 ) 4 8 . 2 (1 .0 )
pHC(H) 5 7 .4 (3 .3 ) 5 6 .9 (3 .2 )
A c ) 7 5 .0 (5 .5 ) 7 5 . è ( 5 . 0 )
(a .(H )E .) 2 2 . 6 (2 0 .4 ) 11 .3 (1 2 .5 )
(a.(c)Ep 71.2 ( 1 8 . 9 ) 30 .9 ( 18. 2 )
( P i ( H ) E . ) 8 . 8 ( 0 . 8 ) 0 . 8 (0 .7 )
(P i(C )E .) 1 2 . 3 ( 5 . 3) 1 0 . 8 (4 .0 )
URLT-BRAJDLLY DBFim’ION OF ^ CO-ORDINATES 
* HOT PERTURBED
UHITS -  Hm” '*, lO"'*^^ rad"'* OR 10" ^\ra rad"^ AS APPROPRIATE 
(E .^1 E f  ) = (E.^g E .=°) = 0
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Figure 6 . 3  Dem onstrating the m otions a s so c ia te d  w ith  c e r ta in  in te r a c t io n  
fo r c e  con sta n ts
(«1 H .°°)
0 0 - 0 0
o o
(Ri R 'i+ i)
(« i  R i°°)
' ( i f l ( o )  'IS I  ( c ) )
*- +
Scaling of Force Constants
All angular deformations are scaled hy multiplication by a bond length. 
For a and  ^this scaling factor is the ring C-C bond length. For P 
and 2f coordinates the bond length used is that of the substituent to the 
ring bond.
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Table 6 .2  The i n i t i a l v a lu es  o f  the 37 parameter M.V.F.F. fo r  B iphenyl, 
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(P i(C )E .)
( V i )
(P i(H )«i^ .i)
(P i(C )a^ ^ P
y ™ ( H )
y™(c)
(H))
( y i ( c ) r i + i ( H ) )
( ■ y i W ï i + s W )
(% i(o )z r i+ 2 (H))
if  143(H))
( ? i ( c ) T f i + 3(H))
32 ; (-3- i ( c ) T i ' ( ° ) )
33 ' p  (HH)“
34 (HC)
V  1
35 ( 5^ *10 1+ 1  )
36 ( T r i (H )^ i)
37 ( 2 T i ( c ) 0 i )







1 .53  
-1 .2 9  
-1 .2 9






* IHTERACTIOH FORCE COHSTAHTS INTRODUCED LATER TO IMPROVE THE FIT.UNITS -  
Hm"\ 1 0 " rad"'* OR 10"^° Hm rad“  ^ AS APPROPRIATE.
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Table 6.3 The convergence of the in-plane force field
I I I I I I IV
Perturb
d iagon a ls
Perturb  
s e le c te d  o f f -  
diagonal 8
Perturb both  
s e t s  sim u lt­
aneously
and again
1 681.7 (1 2 .1 ) 690 .9 (1 0 .8 ) 69 1 .3  (8 .0 )
2 R^^ 504 .0 (5 4 .4 ) 636 .0 (7 2 .9 ) 63 9 .2  (5 5 .3 )
3 51 .0 (2 .8 ) 52 .7 (3 .1 ) 52 .8  (2 .3 )
4 21.6 (1 5 .0 ) 30.1 30.1 (1 1 .8 )
5 (^ i^  i+ l ) 1
34.6 (2 0 .8 ) 26 .2 (2 2 .3 ) 25 .6  (1 6 .5 )
6 (Gi RiCC) -87 .9 (1 2 .2 ) -1 2 4 .0 (2 9 .8 ) -1 2 4 .2  (2 2 .8 )
8 oc' 112.9 (3 .1 ) 111.9 (2 .4 ) 111.9  (1 .8 )
10 pGK(H) 104.1 (2 .1 ) 104.6 (1 .5 ) 104.7 (1 .2 )
11 pHG(c) 157.5 ( 9 . 6 ) 160.3 (7 .2 ) 160.6 (5 .3 )
o
UNITS -  Hm“ \  10"^^ H rad"'' OR 10"^^.Hm rad"^ AS APPROPRIATE
• I
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Table 6.4 (i) The convergence of the out-of-plane force field
Perturb
d iagon a ls
I I
Perturb
s e le c te d
o ff-d ia g o n a ls
I I I
Perturb both  

















y ™ ( c )
(Ti(H)-!ri+3(H))
(ri(c)yi+3(H)) 
( ■ J i ( c ) y . '  (c ))  
<^fs (hh)i
(f, (HC)
(?* i  f  i+ P
(2fi(H)5zSi)
30.6 ( . 8) 
24.1  ( 1 . 8)
7 .6  ( . 4)
1.8 ( . 5)
—1,4  ( . 2)
30 .6  ( . 7)
23 .7  ( 1 . 3)
1.8 ( . 5)
7.8 ( . 6)
—1.2 ( .4 )
u m as -  10 '’°H rad ’’ OR 10“ ^° Nm rad  ^ AS APPROPRIATE
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Table 6.4 (ii) The convergence of the out-of-plane force field




( 3r i ( c ) % i ' ( c ) )
Introduce
ff(HC)
24 29.5 ( .5 ) 31 .8 ( 1 -5) 31 .3 (1 .4 ) 28 .9 ( .0 )
25 28 .3 (1 .5 ) 27 .2 (1 .5 ) 2 7 .4 (1 .5 ) 3 2 .4 ( .5)
26 1.3 ( .4 ) , 1.2 ( • 5) 1.1 (•5 ) .9 . 4)
27 3 .2 (1 .6 ) 2 .4 (1 .4 ) .3 ( .0)
28 - 1.6 ( . 7) —1. 6 ( .7 ) - . 1 . 6)
29 - 2 .7 (2 .1 ) “2 .9 (1 .8 ) -5 .0 ( . 3)
30 - 2 .0 ( 1 -3) - 2 .0 (1 .0 ) - 1 .4 . 7)
31 1.6 (2 .1 ) 1.6 (1 .6 ) 2 .2 ( . 0)
32 - 2 .2 ( .9 ) “7 .7 .9)
33 8 .9 ( . 6) 7 .7 ( 1 . 0) 7 .9  . ( . 8) 8 .6 . 8)
34 11.0 ( .0)
35 - . 6 ( . 4) —1.4 ( . 6) —1.2 ( . 6) - .0 8 . 4)
36 2 .4 ( . 3) 2 .3 ( . 3) 1 .8
0
.2)
37 4 .8 ( . 2) 4 .1 ( . 4) 3 .9 ( .4 ) 4 .8 . 4)
UHITS -  10"1°  H r a d " \ 10" ^  Hm rad“  ^ AS APPROPRIATE.
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Table 6 .5  The f in a l  va lu es o f  th e  37 parameter M .V.F.F. fo r  B iphenyl, 
Dg Biphenyl and Biphenyl
1 R™ 6 9 1 .3 24 y ™ ( H ) 3 1 . 3
2 R^^ 6 3 9 . 2 25 y ™ ( c ) 2 7 .4
3 (%i%i+l) 5 2 .8 26 ( T i ( H ) 2f i + i ( H ) ) 1 . 1
4 (RiRi5 30 .1 27 ( r i ( c ) - ï i + i ( H ) )
5 (R i* 'i+ i) 2 5 .6 28 ■ - 1.6
6 (* i% i'°) -1 2 4 .2 29 ( y  1 ( 2 ) 7 1 + 2 ( 8 ) ) - 2 . 9
7 512 .5 30 ( t 5 i ( h )  Tfi+^fR)) - 2 . 0
8 a 111.9 31 ( 3 1 ( 0 ) 7 7 1 + 3 ( 8 ) ) 1 . 6
9 —9 • 8 32 ( T r i ( c ) T f i ' ( c ) ) - 2 . 2
10 P™(H) 104.7 33 ' 0  (HH)'
= 0
7 .9
11 3 ™(C) 160.6 34 0  (HC)_
/
12 2 . 8 35 ( ^ i 9* i + i ) - 1 . 2
13 2 .8 36 ( j T i ( h ) 0 i ) 2 . 3
14 ( 3 i(H)Pi_|_g(H)) - 2 . 2  ' 37 ( T T i ( o ) p f i ) 3 . 9
15 ( 9 i ( c ) P i + 2 (H)) - 2 . 2
16 (Pi(H)P._^3 (H)) , - 3 . 2
17 O i ( C ) P i ^ 3 (H)) - 3 . 2  ■
18 (a^R^) 4 4 .2
19 ( P i ( a ) R i ) 3 6 . 4
20 (P i(C)Ri) 3 6 .4
21 —1 .4 -
22 6 . 4
23 ( ^ i ( c ) “ i+ i) 6 . 4
UHIIS -  Hm 1 , 1 0  rad”  ^ OR 10"20 2Hm rad” AS APPROPRIATE
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Table 6 . 6  The C alcu lated  Frequencies fo r  th e B , B , , B S p ecies
— __________________________      _ ' o 1 ^
o f  Biphenyl at each sta g e  o f  the P erturbation
obs }} I I I I I I IV V VI VII
" 1g
1592 1615 1613 1626 1626
1462 1459 1459 1466 . 1466
1333 1349 1351 1354 1355 0
1263 1272 1283 1285 1285
1165/11 491152 1156 1160 ^ 1160
1097 1077 1076 1082 1082
610 613 613 610 611
- 404 404 407 407
Hlu 968 998 993 992 988 982 982 978
903 904 905 907 904 897 899 897
729 723 728 .728 726 733 726 725
695 705 704 .703 707 706 705 701
458 423 422 422 454 459 456 459
73 86 86 .86 80 79 78 73
1568 1590 1587 1 jOO 1599
1428 1429 1428 1(34 1434
1344 1318 1322 1Z25 1325
1268 1280 1290 ^ .1293 1293 .
1154/11 691158 1161 _  1165 1165
1075/10901050 . 1049 1055 1055
626 631 631, 629 629
118 118 118 120 '120
®2g 978 998 992 992 988 985 985 986
- 911 911 913 905 898 903 916
779/ 7f '6 743 747 747 742 718 732 787
- 692 691 689 705 712 708 699
546 483 483 481 505 519 532 544
251 242 . 242 242 229 230 233 241
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Table 6.7 (i) The Observed Frequencies used in the Calculations
A Species
Biphenyl Dg Biphenyl Biphenyl 4 , 4 * d if lu o r o
Biphenyl
- - - -
R a c t iv e — — — —
- 2276 - 1603
1610 1600 1563 1529
1513 1509 1411 1323
1276 1274 1186 . 1277
1205 1209 965 1169
1036 1031 880 1017
1002 988 846 ^ 846
743/739 734 690 660
330 324 312 277
A . - - - -
In a c t iv e - - - -
— — — —
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Table 6.7 (ii) The Observed F requencies used in  th e C a lcu la tio n s
Species
Biphenyl Dg Biphenyl D q^ Biphenyl 4 , 4 * difluoro 
'Biphenyl
- - - -
R active - - - -
1592 1593 1533 1554
1462 - 1347 -
1333 1313 1280 1257
1263 1283 - 1245
11 55/1149 1110/1117 850 1098
1097 876 831 627
610 605 583 * 464
* _ * _ * _ * 340
968 954 818 -
I.R. active 903 841 - 742 . . ;B22 \
729 •. 716 .. •. . :. 620 702 . . ;
695 - 538 * 499/505
* 458 * 449 * 410 * 283
73 — 83 71
* bands which are observed to shift on phase change
1
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Table 6.7 (iii) The Observed Frequencies used in the Calculations
Bg Species
Biphenyl Dg Biphenyl Biphenyl 4 ,4  d if lu o r o  
Biphenyl
- - - -
I .R .a c t iv e - - - -
1568 1555 1522 1585
1428 1393 1317 1393
1344 1322 1260 1317
1268 1262 1024 1288
11(59/1153 1115/1113 844 1124/1108
10(» / i 075 862 818 642
626 - 594 414
* 118 - * 112 84
^2g 978 - 816 938
R a c t iv e - 865 - -
’86/ m 743/738 651 722
- 597 539 540
546' 538 459 395
* 251 * 241 * 225 180
* bands which are observed to shift on phase change.
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Table 6 .7  ( iv )  The Observed Frequencies used in  th e C a lcu la tio n s
S p ecies
Biphenyl D^Biphenyl D  ^ Biphenyl 4 ,4  d if lu o r o
Biphenyl
®3u
I .R . a c t iv e — — — —
— 2296 — 1600
1597 1596/1587 1566 1495
1480 1471 1343 1235
1101 II8O ^ 981 1158
1041 1034 950 1016
1006 1007 854 1007
985 - 813 804
610 604 588 518
- 975 - 966




Section 6.7 The Perturbation of Vibrational Energy Levels
Two v ib r a t io n a l l e v e l s  o f the same e le c tr o n ic  s ta te  belon g in g  to  
d if f e r e n t  v ib r a tio n s  may have n ea r ly  the same energy. Mixing o f the  
eig en  fu n c tio n s  o f the two v ib r a t io n a l l e v e l s  produces a p ertu rb a tio n  
o f  the energy l e v e l s  and they  "repel" each oth er -  the h igh er le v e l  i s  
s h if t e d  up and the low er one down so th a t the sep a ra tio n  o f the two 
l e v e l s  i s  much g r e a te r  than exp ected . The in te r a c t io n  i s  stron ger the  
sm aller  the d if fe r e n c e  in  energy.
The in te r a c t io n  term in  the Ham iltonian i s  g iv en  by
where ^ and ? are the e ig en  fu n c tio n s  o f the two v ib r a t io n a l l e v e l s  
th a t perturb each o th er . S in e 3 H (where H = GP) i s  t o t a l l y  symmetric, 
^  ° must have the same symmetry bype a s  ? in  order to  g iv e  a non-zero  
va lu e  to  and th ere fo re  to  the magnitude o f the p ertu rb a tio n .
In a sim ple treatm ent, the in te r a c t io n  i s  taken as a r is in g
o
predom inantly through the G m atrix , and i t  i s  the magnitude o f the o f f -
d iagonal terms 9R . 3 R .
which determ ines the magnitude i f  the p e r tu r b a t io n ..
I t  was observed some y ears ag“^  th a t the con ju gation  o f i T  e le c tr o n  
system s has a very pronounced e f f e c t  on the in t e n s i t i e s  o f  in fr a  red  
ab sorp tion  bands o f  c e r ta in  va len ce  v ib r a t io n s . C a lcu la tio n s  based on 
the assum ption th a t charges remain f ix e d  during m otion are inadequate to  
account fo r  the in t e n s i t i e s  o f  the in fr a  red band. The r e d is tr ib u t io n  o f  
d e lo c a lis e d  e le c tr o n s  in  a d is to r te d  m olecule fo r  a v ib r a t io n a l mode, 
co n tr ib u te  to  the induced e l e c t r ic  v e c to r  in  a very  im portant way fo r  t h i s  
mode.
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r 751Sournia*- s tu d ied  th e  e f f e c t  o f  phase change -  s o l id  -  l iq u id  -  
gaseous -  on th e in t e n s i t i e s  o f  some o f  th e  hands o f  th e  Biphenyl 
spectrum . He showed th a t i f
A ( 0  ) = 8 rr^ w v J m I
3hc '
2
where iM M 1 i s  th e  t r a n s it io n  moment between th e s ta t e s  g and g.I go o 1
then  t h is  can be s p l i t  in to  two term s,
-  th e  d ip o le  moment o f  th e sk e le to n , and
MYr -  th e term fo r  th e  d e lo c a l is a t io n  o f  th e  TT e le c tr o n s .
I t  i s  th e  v a r ia t io n  o f  th e  w ith  change o f  s t a t e  which causes d if fe r e n c e s
in  th e  i n t e n s i t i e s .
S e c t io n  6 .8  The r e f in in g  o f  th e  fo rce  f i e l d  fo r  B iphenyl, B iphenyl
and B iphenyl, and th e  estim ate  fo r  th e  d ih ed ra l angle
When th e  f i r s t  order fo r c e  f i e l d  was used to  estim ate  th e  d ih ed ra l 
an g le  fo r  B iphenyl, th e  error margin was fah  too  h igh  -  hard ly  su r p r is in g  
s in c e  ” ^calc^ was q u ite  la r g e . I t  was th e r e fo r e  decided  to
carry  out a fo rce  constant refinem en t, u s in g  th e  frequency data o f  the  
s o l id  s t a t e  fo r  B iphenyl, B iphenyl and Biphenyl (Table 6 .7  ( i ) ,
( i i )  , ( i i i )  , ( iv )). The geom etry, masses and th e  i n i t i a l  va lu es o f  th e
o
fo r c e  con stan ts were th o se  d escr ib ed  in  S ec tio n  6 .3  and Table 6 . 2 .
O bviously , s in c e  th ere  are so gany param eters, and a r e la t iv e  
p a u c ity  d f d ata , even w ith  a s e t  o f  th ree  m o lecu les, th e  problem i s  
under-determ ined, and i t  i s  not p o s s ib le  to  r e f in e  a l l  th e  parameters 
s im u lta n eo u sly . The problem o f  i l l - c o n d i t io n in g  d id  not a r is e  during
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the s e r ie s  o f  c a lc u la t io n s , hut th ere  were d i f f i c u l t i e s  because the  
in te r a c t io n  terras ("g" ^ ^ i ^ i + 1  ^ were in s e n s it iv e  to
refin em en t. The convergence o f  th e  fo rce  f i e l d s  i s  summarised in  
Tables 6 .3  and 6 .4  ( i )  and ( i i )  .
In  th e  f i r s t  run,' o n ly  th e d iagonal fo rce  con stan ts were v a r ied .
There was s ig n if ic a n t  improvement in  th e  c a lc u la te d  fr eq u en c ie s , but 
c e r ta in  modes, such as th e h igh er r in g  modes ( e .g .  a^ -  c a lc  I685 cm \
obs 1610 cm )^ and the angle s e n s i t iv e  b_ modes ( e .g .  c a lc .  483 cm \
o
obs 546 cm )^ were badly p re d ic te d . When th e  in te r a c t io n  fo rce  con stan ts  
d efin ed  t y  (R. [(R . R,7 ° ) ,  . -
se e  f ig u r e  6 .3 ] ,  ^TfiTfi+i^ i  9^i+1  ^ were in troduced , th ere  was a
con sid era b le  improvement. ThO h ig h est  a^ r in g  mode dropped to  I626 cm \  
and th e  o v e r a ll  error v ec to r  was co n sid era b ly  reduced. However, th ere  
was no improvement in  th e b^^ modes. I t  was n ecessa ry  to  a llo w  a l l  o f  
th e  o u t-o f-p la n e  fo r c e  con stan ts to  vary, and to  in troduce a new 
parameter ( “^  ^(c) 75” (c)). This had th e  e f f e c t  o f  g r e a t ly  improving th e
bg^ modes w h ils t  a d ju st in g  th e  va lu es  o f  th e  parameters by on ly  a sm all 
amount. A ll  fo rce  con stan ts had v a lu es  in  th e range expected  from 
comparison w ith  Benzene, and from m olecular o r b ita l  p r e d ic t io n s .
I t  i s  important to  s t r e s s  c e r ta in  fe a tu r e s  a r is in g  from th e  
c a lc u la t io n s .
An improvement in  th e  c a lc u la te d  freq u en c ie s  fo r  th e  h ig h est  r in g
ccmodes was made by in trod u cin g  two in te r a c t io n  fo r c e  con stan ts (R  ^ R^  ) 
and (ttj^R^^ )^ . I t  i s  th e  l a t t e r  term which i s  o f  s p e c ia l  im portance. 
Duinker^^^^ experienced  great d i f f i c u l t i e s  w ith  th e  refinem ent o f  th e  
(^i^i^ parameter in  the Benzene fo rce  f i e l d ,  as i t  i s  i l l - d e f in e d  by the  
frequency data s in c e  th e  C-H s tr e tc h e s  are alm ost com p lete ly  separated
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from th e o th er  modes. C onsequently, use o f  h is  value^^^^ lead s to
F i l lcon sid era b le  errors in  analogous modes. M ills  H .O .F.F, p r e d ic ts
th a t t h i s  parameter should  be la r g e  and n e g a t iv e . I t  i s  very
g r a t ify in g  th e r e fo r e , th a t th e  c a lc u la t io n s  produced a w e ll-d e f in e d
valu e th a t f u l f i l l e d  th e se  c o n d it io n s .
The in te r -r in g  s tr e tc h in g  fo rce  constant i s  not w e ll-d e f in e d , but
c le a r ly  i t s  va lu e i s  s ig n i f i c a n t ly  h igh er than was o r ig in a lly ^ su p p o sed .
. o
The ra th er  lon g  in te r -r in g  bond le n g th  o f  I .5 0  A would su ggest a bond
order o f  a b o u t-1. 14 whereas thé va ïü e o f  th e  fo rce  constant su g g ests  a
bond order nearer 1 .4 .  ThiP d iscrep an cy  i s  probably due to  s t e r i c
rep u ls io n s  between th e 2 , 2 * hydrogen atom s. The e f f e c t s  o f  t h is
r e p u ls io n  are ev id en t in  th e  frequency s h i f t  o f  th e  a |3 mode near
1200 cm  ^ which occurs when ih e  d ih ed ra l an g le  in c r e a s e s .  In B iphenyl,
th e  frequency drops about 13 cm  ^ and the band i s  broad. In
—  1B iphenyl, th e  analogous drop i s  20 cm .
A ll  in tr a -r in g  param eters have va lu es  c lo se  to  t h e ir  Benzene 
co u n terp a rts .
Having observed th a t any fu r th er  v a r ia t io n  o f  th e  param eters, 
w h ils t  appearing to  decrease ( V “■ ^ 0^1q )» fa c t  tended to  g iv e  
u n r e a l i s t ic  v a lu e s , (Table 6 .4  ( i i )  V I l ) ,th e  fo rce  f i e l d  was used to  
c a lc u la te  th e freq u en cies  fo r  a rhmber o f  d if fe r e n t  geom etries -  B  ^
c o n fig u ra tio n  w ith  d ih ed ra l an g le  30°, 45° ,  and 60° ,  and B^^ co n fig u ra tio n  
(90°) . S in ce in  th e B^^ co n fig u r a tio n , th e  b  ^ and b^ freq u en cie s  p a ir  
to  form degenerate e modes, th e  c a lc u la t io n s  show a v a r ia t io n  in  
frequency w ith  geometry fo r  th e se  two s p e c ie s .
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For th e  e ig h t frequency s h i f t s  observed (S ec tio n s  6 .4  and 6 .5 ) a 
graph was p lo t te d  o f  c a lc u la te d  frequency vs d ih ed ra l a n g le . The 
experim ental frequency s h i f t s  are thought to  be accu rate to  + 2 cm” \
In view  o f phase s h i f t s ,  th ese  u n c e r ta in t ie s  are in creased  to  -  3 cm” \  
This may s t i l l  be an underestim ate, but i t  does g iv e  some id ea  o f  the  
error margin a s so c ia te d  w ith  th e deduced d ih ed ra l a n g le . Taking each 
graph in  tu rn , th e observed s h i f t  was marked -  t h i s  i s  shown as th e  
m id-point o f  th e  hatched a rea s , w h ils t  th e  h a tch in g  shows th e spread o f  
va lu es com patible w ith  th e  -  3 cm~  ^ erro r .
The sm all observed s h i f t  in  th e  low est b^ mode in  Biphenyl g iv e s  an 
estim a te  fo r  0 " which i s  too  low compared w ith  th e  estim ate  d erived  from 
th e low est b^ mode in  Biphenyl (th e  corresponding mode was not 
observed in  B iphenyl, see  S e c t io n  6 .5 ) •  The two e s t im a t â  fo r  
g iv en  by B iphenyl do not overlap  in  t h e ir  u n c e r ta in t ie s  (25 -  29° and 
39 -  46 ) . N ev er th e le ss , th e  ex ten t o f  th e  agreement i s  g e n e r a lly  very  
s a t is f a c t o r y .
The f in a l  estim a te  o f  th e  d ih ed ra l an g le  and i t s  u n cer ta in ty  was 
based on a w eighted average o f  th e  v a lu es  from th e  d if fe r e n t  observed  
s h i f t s ,  and th e  s c a t t e r  o f  v a lu es  about t h i s  optimum e s t im a te . S in ce the  
u n cer ta in ty  in  th e an g le  d er ived  from th e  low er b^ modes o f  B iphenyl and 
B^q Biphenyl was h igh , th e se  two e s tim a tes  were g iven  h a lf  w e ig h t. The 
e stim a tes  fo r  th e  d ih ed ra l an gle d erived  from th e  e ig h t observed frequency  
s h i f t s  g iv e  a mean va lu e fo r  0  o f  3 2 . 2° -  2° .
The causes o f  th e  spread o f  e stim a tes  fo r  th e  d ih ed ra l angle are  
as f o l lo w s : -
a) th e  a n a ly s is  assumed th a t th e  m olecular fo r c e  f i e l d  remains 
in v a r ia n t w ith  change o f  d ih ed ra l a n g le . S ince th e  o n ly  s ig n if ic a n t  
frequency s h i f t s  were th o se  p red ic ted  in  th e  absence o f  fo r c e  f i e l d  . 
changes, t h i s  appears to  be a minor f a c to r .  - . .
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b) errors in  th e e ig en  v ec to r s  due to  fo r c e  f i e l d  u n c e r ta in t ie s .
Force constant calcu lations^ ^ ^ ^  and th e work d escr ib ed  in  Chapter 5
su ggest th a t th e  Benzene fo rce  f i e l d  i s  reasonab ly  w ell-d eterm in ed ,
and i s  tr a n s fe r a b le , except fo r  c e r ta in  d iagonal terms r e fe r r in g  to
m otions in  th e reg io n  o f  s u b s t itu t io n .  The major u n c e r ta in t ie s ,  th en ,
are b e lie v e d  to  concern m otions in  th e  reg ion  o f  th e in te r -r in g  bond.
A 5^ error in  c a lc u la te d  freq u en cies  u s in g  tr a n sferred  fo rce  f i e l d s  i s
not unreasonable, but fo r  th e presen t purpose, t h is  i s  fa r  too  la r g e .
Thus b^^ and b^^ modes o f  Biphenyl occur in  th e  s o l id  a t 458 cm  ^ and at  
—1 —1about 390 cm . A 20 cm error in  each in  op p o site  d ir e c t io n s  would 
le a d  to  a gross error in  th e in te r a c t io n  as a consequence o f  th e  in v erse  
dependence o f  th e  in te r a c t io n  on th e  energy d if fe r e n c e .
a
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F igures 6 ,4  and 6 .5  show p lo t s  o f c a lc u la te d  frequency v s  d ihedral 
a n g le , fo r  the fo llo w in g  frequency s h i f t s .
F igure 6 .4
1 B iphenyl, mode c a lc u la te d  a t  456 cm~  ^ fo r  # =  0 .
_ ‘i
2 B iphenyl, mode c a lc u la te d  a t 407 cm" fo r  0 = 0 .
3 B iphenyl, mode c a lc u la te d  a t  233 cm"^  fo r  0 = 0 .
—  14 B iphenyl, hg mode c a lc u la te d  a t 120 cm fo r  0 = 0 .
5 . T>2 B iphenyl, mode c a lc u la te d  a t 430 cm" fo r  © = 0 .
! I
Figure 6 .5
6 Dg B iphenyl, hg mode c a lc u la te d  a t  224 cm  ^ fo r  0 = 0 .
7 B iphenyl, mode c a lc u la te d  a t 407 cm"  ^ fo r  0 = 0 .
8 B iphenyl, b  ^ mode c a lc u la te d  a t  378 cm"  ^ fo r  0 = 0 .
— 19 B iphenyl, bg mode c a lc u la te d  a t  217 cm fo r  0 = 0 . o
10 B^q B iphenyl, bg mode c a lc u la te d  a t 110 cm"  ^ fo r  0 = 0 .
As exp la in ed  in  S ec tio n s  6 .4  and 6 .5 ,  experim ental v a lu es  fo r  the  
frequency s h i f t s  to  which graphs 2 and 8 r e fe r  are not known a t  p resen t.
Bue to  the h igh  u n cer ta in ty  in  the an gle obtained  from graphs 4 and 10, 
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S e c tio n  6 .9  The Refining of the Force Field for 4 , 4 * Difluoro Biphenyl
A fo rce  constant refinem ent was attem pted fo r  4 , 4 * d if lu o r o  B iphenyl. 
The observed freq u en cie s  used are l i s t e d  in  Table 6 . 7 . The m olecule was 
assumed to  have th e  same geometry as B iphenyl, w 'th  a C-F bond le n g th  o f  
1.327 2 . The atom ic w eights used were ( in  atom ic mass u n its )
Hydroge'i 1.00797  
Carbon 12.01115  
F luor ir. *5 18.9984
- : ^
The i n i t i a l  va lu es o f  th e  fc'rcfb con stan ts were th ose  o f  the 37 parameter
fo r c e  f i e l d  derived  fo r  B iphenyl, 9  ^ B iphenyl and D^q B iphenyl, and are
g iv en  in  Table 6 .3  column IV and Table 6 .4  ( i i )  column IV.
i s  th e  tw is t in g  o f  both th e carbon and th e  su b stitu e n t  atoms about
There are two ^  d iagonal fo rce  con stan ts included  in  th e
37 parameter f i e l d .  A d is t in c t io n  i s  made between th ose  deform ations
which in v o lv e  th e  in te r -r in g  bond, and th o se  which do n o t.
The i n i t i a l  va lu es used fo r  th e  parameters
r™  (P) 
a (P)
P™ (P)
and g iven  in  Table 5 * 1 • The va lu es fo r  th e o u t-o f-p la n e  param eters.
y ™  (F)
0  (HP)
were taken  from ■ ' - -  ^ : ; . = ; ■ "
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In sp ec tio n  o f th e  e ig en  va lu es o f  th e  283 cm  ^ hand o f  the  
s p e c ie s ,  which i s  observed to  s h i f t  on change o f  s t a t e ,  su g g ests  stro n g  . 
in te r a c t io n  between th e o u t-o f-p la n e  deform ation o f  th e  C-F bond and 
th e ^ to r s io n  in v o lv in g  th e f lu o r in e  atom. The parameter ( ‘^ ^ (h )^ (H H ))  
was rep laced  by ( 7f^(F)j^(H P)) where ap p rop riate, and th ere  was a decrease
in  fo r  t h is  frequency.
~1 /' —1The 340 cm and 4c4 cm bands o f th e  B^^ sp e c ie s  are a lso
observed to  s h i f t .  The second low est mode a r is e s  from th e in -p la n e
deform ation o f  th e  C-F bond, th e  in -p la n e  deform ation o f  th e  in te r -r in g
bond, and the cou p lin g  between them. [As t h i s  cou p lin g  i s  rep resented
a t p resen t by (p^(c) |3^_^^(h)), which was not r e f in e d  in  th e  Biphenyl
c a lc u la t io n s  and has th e va lu e taken from the Benzene fo r c e  f i e l d  o f
Duinker i t  may be n ecessa ry  to  in troduce a new term ( 3 -(c ) g . , ( f ) ) ] ,
1 i + j
Hie low est mode a r is e s  predom inantly from th e  in -p la n e  deform ation o f th e  
in te r -r in g  bond. The parameter (|3^(c) p^(c)) was in c lu d ed , and although  
p oo rly  d e fin ed , d id  improve th e  f i t .  This behaviour i s  p a r a lle le d  by i t s  
o u t-o f-p la n e  counterpart (qf ^ (^c) I f  ^ (c ))  in  th e  Biphenyl c a lc u la t io n s .
The frequency data fo r  one m olecule i s  in s u f f ic ie n t  to  s u c c e s s fu l ly  
r e f in e  even à few  c a r e fu l ly  s e le c te d  param eters. The preparation  
attem pted o f  Dg 4 , 4 * d if lu o r o  B iphenyl, by th e  c la s s ic a l  F r ie d e l-C r a fts  
tech n iq u e, has so fa r  been u n su c c e ss fu l. In th e meantime, however, the  
c a lc u la t io n s  have g iven  some in d ic a t io n  o f  how th e  presence o f  a f lu o r in e  
atom in  the para p o s it io n  a lt e r s  th e  d is tr ib u t io n  o f  th e  e le c tr o n  cloud , 
and which in te r a c t io n  fo rce  con stan ts need to  be in c lu d ed .
PART 3
Absolute Infra Red Intensities for some 




Absolute Infra Red Intensities for some Combination Bands of the , 
Fluorine Substituted Benzenes
S e c t io n  7.1 In tro d u ctio n
The dipole moment j x  o f a.si electrically neutral molecule is a vectcr 
qugintity whose direction is ihfVb of a line joining the centre of charge 
of the negative charges with th% centre of charge of the positive charges 
and whose magnitude is the length of that line multiplied by the total 
neg^ ative charge or the total positive charge, these being equal. It 
has the components andy_x.g given by the expressions
/ " y  “ ^  I
where e^ is the charge and x^ , y^ and are the cartesian coordinates 
(space fixed axes) of the pdt-ticle, the sum being over all particles.
Unless there is a change in the dipole moment of the molecule during 
a vibration there can be no interaction with electromagnetic radiation 
and hence no infra red band.
The intensity of absorption of infra red radiation is usually 
defined as
In/ I (v)A d^r oI  ( ^ )
band
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where o i s  th e  absorbent con cen tra tion
1 i s  the path len g th  o f  the beam through th e absorbing m ateria l 
I g ( v )  and l ( V )  are th e i n i t i a l  and f in a l  in t e n s i t i e s  ^pf the  
beam o f  frequency V (exp ressed  in  cm -
A lte r n a t iv e ly , in t e n s it y  can "Be d efin ed  as
r
V 1( 0 )
band




assum ing e l e c t r ic a l  harm onicity  i . e .  th a t th e  d ip o le  momentjj>  can be 
expanded as a Taylor s e r ie s  in  terms o f  d isp lacem ents from th e  eq u ilib riu m  
p o s it io n s ,  and a l l  but th e f i r s t  d e r iv a tiv e s  n e g le c te d .
M  = M + I Q- + h igh er terms (n e g lig ib le )
/  /  0 
^  u
where "“7 ^  i s  th e change in  d ip o le  moment w ith  resp ec t to  the change
in  th e normal coord in a te , Q. .  In t h is  approxim ation, th e  in t e n s it y  
o f  an in fr a  red  com bination band ought to  be z'ài’o , which i s  c e r ta in ly  not so , 
but u n le ss  a com bination band ga in s in t e n s i t y  from a fundamental o f  th e  same 
symmetry, by resonance, i t s  in t e n s i t y  i s  fa r  l e s s  than th a t o f  a 
fundam ental, so th e  assum ption i s  v a l id  to  a f i r s t  approxim ation. The 
error in vo lved  in  th e e l e c t r ic a l  harmonic approxim ation i s  much sm aller  
than th e  p resen t experim ental er r o r s , and th o se  a r is in g  from th e  
u n cer ta in ty  in  th e  ncrmal coord in ate  Q .. When co n sid er in g  th e  p o te n t ia l  
fu n c tio n  (S e c tio n  2 . l ) ,  m echanical harm onicity  was assumed, so t h i s  i s  a 
double harmonic o s c i l la t o r  approxim ation. '
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For a symmetric m olecu le, th e  symmetry o f  Q ,^ and hence o f
— , i s  known. The experim ents determ ine th e  a b so lu te  magnitude
o f  but not th e d ir e c t io n  in  which th e  d ip o le  moment change i s
produced.
Dot o n ly  i s  i t  extrem ely d i f f i c u l t  to  make accurate in t e n s i t y
measurements, which imposes an obvious l im ita t io n ,  but th e  r e s u lt s  are
— 1
then  lim ite d  by th e  accuracy o f  th e  c o e f f i c ie n t s  V  . which s p e c ify
th e form o f  the normal v ib r a t io n . The computed in t e n s i t i e s  are o fte n
s e n s i t iv e  to  th e  sm aller  elem ents o f  t h e m a t r i c e s ,  which in  turn
are s e n s i t iv e  to  sm a ll, o ff-d ia g o n a l fo rce  c o n sta n ts . By c o n tr a s t ,
th e  freq u en cies  are in s e n s it iv e  to  th ese  term s, e s p e c ia l ly  th e C-H
s tr e tc h in g  freq u en c ies  above 3000 cm \  '
Provided a l l  va lu es fo r  th e in fr a  red bands o f  a g iv en  .
symmetry s p e c ie s ,  and the e ig en  v e c to r s , which r e la te  changes in  the
symmetry coord in ates to  changes in  th e  normal co o rd in a tes , are known,
then  th e v a lu e s , th e  change in  d ip o le  moment w ith resp ec t to  th e
i
change in  symmetry coord in a te , fo r  th a t symmetry sp e c ie s  can .be c a lc u la te d .
Because o f  th e s ig n  indeterm inacy o f  each term, th ere  are 2^
n— 1 ^d if fe r e n t  p o s s ib le  s o lu t io n s ,  y ie ld in g  2 d if fe r e n t  a b so lu te  v a lu es  fo r
, where n i s  th e number o f  normal v ib r a tio n s  o f  th e  symmetry type  
under c o n s id e r a tio n .
I f  is o to p ic  data i s  a v a ila b le ,  a second 2^ s e t s  o f  s o lu t io n s  can be 
c a lc u la te d , and th e  correct s e t  w i l l  have th e same va lu es  fo r  th e  
corresponding terms in  th e  two m o lecu les . The in v a r ia n ce  o f  th e
i  [1 0 2 ,1 0 3
d ip o le  moment fu n c tio n  under is o to p ic  s u b s t itu t io n  lea d s to  iso to p e  ru le s  
( c . f .  S e c tio n  2 . 8) as the amount o f  ex tra  data th a t can be ob tained  by
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is o to p ic  s u b s t itu t io n  i s  lim ite d , but th e se  r u le s  can provide a u se fu l
check on th e accuracy o f  in t e n s i t y  measurements.
I f  C o r io lis  data can be measured fo r  an in te r a c t io n  between two
v ib r a tio n s  o f  th e  same symmetry ty p e , i t  i s  p o s s ib le  to  deduce th e  r e la t iv e
s ig n s  o f  th e  two d ip o le  t r a n s it io n  s ta te s
However, th e  ■ va lu es s t i l l  r e la t e  to  th e m olecule as a whole,
i  ^
w h ils t  an in te r p r e ta t io n  i s  requ ired  o f  in  terms o f  the d ip o le  moments
j
o f  bonds (bond moments) and the changes in  d ip o le  moments o f  bonds w ith  
resp ect to  a deform ation o f  th a t bond (bond moment d e r iv a tiv e s )  .
A b a s ic  te n e t  o f  P h y sica l Chemistry i s  the id ea  o f  t r a n s f e r a b i l i t y ,  
or th a t s im ila r  m olecules d isp la y  s im ila r  p r o p e r t ie s , and so th e o r ie s  have 
been p o s tu la te d  which a llo w  fo r  th e tr a n s fe r  o f  bond moments and bond 
moment d e r iv a t iv e s  between s i : ' l i a r  m o lecu les .
The Zero Order Bond Moment H ypothesis
In order to  reduce th e  measured q u a n tit ie s  to  q u a n t it ie s
c h a r a c te r is t ic  o f  in d iv id u a l bonds, th ree  fu r th er  assum ptions are made^ "**^ ^^ .
(1) When a bond i s  s tr e tc h e d  by dr, a moment dr i s  produced in  th e
d ir e c t io n  o f  th e  bond.
c>
(2) When a bond i s  bent through an an g le  d© , a moment yjL^d& , where 
i s  th e  " e f f e c t iv e  bond moment", i s  produced in  th e p lane o f  bending' 
and p erpend icu lar to  th e  d ir e c t io n  o f  the bond.
(3) When any one bond i s  bent or s tr e tc h e d , no moments are produced in  
oth er  bonds.
With th e se  assum ptions, th e  t o t a l  moment r e s u lt in g  from an a r b itr a r y  
d is t o r t io n  i s  ju s t  th e  v ec to r  sum o f  th e  moments produced by each 
in d iv id u a l bond. (1) and (2) are based on th e  assum ption th a t th e  bond
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moment l i e s  d ir e c t ly  a lon g  th e bond and continues to  do so when th e  
m olecule i s  deformed by v ib r a t io n . I f  th e  assum ptions are v a l id ,  the  
fo llo w in g  c r i t e r ia  should  h o ld .
( i )  va lu es o f  th e  deduced bond moments and gra d ien ts  in  d if fe r e n t  
m olecules are comparable,
( i i )  va lu es o f g iven  grad ien ts and moments derived  from d if fe r e n t  
symmetry c la s s e s  o f  th e same m olecule are eq u a l.
( i i i )  th e  perp en d icu lar gra d ien ts  to  any bond are n e g l ig ib le .
( iv )  va lu es o f  th e bond d ip o le s  derived  are comparable w ith  th e  s t a t i c  
d ip o le s  as measured by oth er m ethods.
The va lu es c a lc u la te d  fo r  bond moments and bond moment d e r iv a tiv e s  
are g e n e r a lly  not even tr a n s fe r a b le  between d if fe r e n t  symmetry sp e c ie s  
o f  th e same m olecu le . I f  appears th a t th e " e f f e c t iv e  bond moments"
obtained  w ith  th e assum ption o f  independent bond d ip o le s  are not th e
o
same p h y sic a l q u a n tit ie s  as th e  s t a t i c  bond d ip o le  moments. Because 
th e r ig id -b on d  model o f  th e  moleciQe i s  inadequate, s in o e  fa c to r s  o th er  
th an j i .  and are ignored , ^  i s  a more m eaningful q u a n tity  in  which
to  report c o n c lu s io n s .
Coulson^^^^^ review ed th e  fa c to r s  which cause th e breakdown o f  th e  
bond moment h y p o th e s is .
( i )  lon e  p a ir s  o f  e le c tr o n s  which have d ip o le  moments which can 
change during a v ib r a t io n , but which are not incorporated  in to  
any bond moments,
( i i )  h y b r id isa t io n  changes during th e  deform ation o f  a bond, which a f f e c t  
th e  m olecule as a whole and not ju s t  th e bond b e in g  deformed.
( i i i )  th e  d ip o le  i s  not o r ie n ta te d  a lon g  th e  bond.
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Sverdlov^^^^^ assumed th a t th e "bond moment v ec to r  departs from the  
bond d ir e c t io n  during a v ib r a t io n , under th e in flu e n c e  o f  atoms not 
connected  w ith  th a t bond. This n e c e s s ita t e s  th e  in tro d u ctio n  o f  
components o f  th e  change in  bond moment w ith  resp ec t to  each type o f  
bond d is to r t io n ,  perpendiou lar to  th a t bond. Therefore th e number 
o f  parameters i s  in crea sed  by a fa c to r  o f  th r e e , and s in c e  th ey  cannot 
a l l  be determ ined, even fo r  th e s im p lest m o lecu les , th e  th eory  has no 
p r a c t ic a l advantages. This approach was used fo r  Benzene by Kovner 
and Snegirev^^^^^.
The E le c tro  O p tica l Theory o f  Gribov. 110, 111]
This g iv e s  a gen era l ex p ressio n  fo r  th e  d ip o le  moment d e r iv a tiv e  in  
terms o f  the bond p r o p e r t ie s , bond moment and bond moment d e r iv a t iv e s ,  
re fe rred  to  by Gribov as e le c t r o - o p t ic a l  param eters.
The d ip o le  moment o f  a m olecule ~Ji can be s p l i t  in to  a s e r ie s  o f  
components
where TT i s  th e  bond moment o f  th e  k bond and th e se  bond moments are  
k
con sid ered  to  be tr a n s fe r a b le  between m o lecu les . y^up  the
c o n tr ib u tio n  to  th e  d ip o le  moment o f  th e  m olecule from unpaired e le c tr o n s  
and ÿlpQ) rep resen ts  th e  c o n tr ib u tio n  to  th e d ip o le  moment o f  the
m olecule from o f f - a x is  p o la r is a t io n  o f  th e  bonds.
—^ t  hI f  e^ i s  a u n it v ec to r  d ir e c te d  a lon g  th e k bond and i s  th e
magnitude o f  th e  k^^ bond moment, then
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If it is assumed that the contributions to the dipole moment from 
unpaired electrons and off-axis polarisation can be resolved into, 
components along the bonds, then
The two components of the dipole along the bond can be combined so
that
but yLL^  can no longer be considered as a transferable bond moment.
In the case of planar molecules, in which there are no bonds 
perpendicular to the plane of the molecule, it may be necessary to consider 
certain electron orbitals as constituting a bond perpendicular to this 
plane.
and |yi | are retained.If all the terms in the matrices 
the number of unknowns greatly exceeds the number of observables, and 
can result in only being able to calculate linear combinations of certain 
terms, which cannot be resolved into individual components. If in the 
matrix ^ only the terms for the change in a bond moment with respect 
to the stretching of that bond are retained, all terms can be calculated,
r112 1131but the theory reverts to being the bond moment hypothesis^ ’
Steele and Wheatley^^^^^ examined the infra red active vibrations of 
Benzene and Hexafluoro Benzene, and concluded that for the out-of-plane
vibrations, besides the contribution to the change in the dipole due to
o
reorientation of the bond moments as the atoms move, there is a
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co n tr ib u tio n  from th e  r e d is tr ib u t io n  o f e le c tr o n ic  charge in  thec:p^ 
o r b ita ls  o f  th e  carbon atoms form ing the Benzene r in g . This .
" reh y b r id isa tio n  moment" i s  o f  th e  sam% magnitude in  both Benzene and 
H exafluoro Benzene.
For a p lanar m olecu le, th e  component o f  t h e v e c t o r ,  the u n it v ec to r  
d ir e c te d  a lon g  a bond, in  th e d ir e c t io n  perpend icu lar to  th e  p lane o f  th e  
m olecu le, ( a r b it r a r i ly  d efin ed  as the z d ir e c t io n )  i s  zero , r r  e le c tr o n  
re h y b r id isa tio n  i s  assumed to  be r e s t r ic t e d  to  th e  p^ o r b ita ls  o f  the carbon 
atom to  which th e  moving su b s titu e n t  i s  a tta ch ed . In  a deform ation,
as th e s u b s titu e n t  moves out o f  th e  m olecular p lan e , r e h y b r id isa tio n  a t th e
3 2carbon atom in trod u ces some sp ch aracter  in to  the sp o' -bonding o r b ita ls
o f  the p lanar m olecu le . I f  t h i s  r e h y b r id isa t io n  were com plete, then  the
3
fou rth  "bond" in  th e  sp co n fig u ra tio n  would be a lon e p a ir  o f  e le c tr o n s  and 
although  com plete r e h y b r id isa t io n  does not occur, th ere  i s  some e le c tr o n  
flow  producing an in cr ea se  o f  e le c tr o n  d e n s ity  on the o p p o site  s id e  o f  the  
r in g  to  th e  s u b s t itu e n t .  There i s  a flo w  o f  e le c tr o n s  in  th e  z d ir e c t io n ,  
and t h is  w i l l  cause a ‘ohange in  d ip o le  moment a lon g  th e  z a x is  in  th e op p o site  
d ir e c t io n  to  th e e le c tr o n  f lo w . The e f f e c t  i s  to  make th e  su b stitu e n t  appear 
l e s s  n e g a t iv e . To a llo w  fo r  t h i s ,  th e  p  ^ o r b ita l  o f  each carbon atom in  the  
r in g  i s  d efin ed  as a bond, each w ith  a bond moment which i s  zero when the  
m olecule i s  p lanar but which has a va lu e during an o u t-o f-p la n e  v ib r a t io n .  
These pseudo-bonds are o r ie n ta te d  a lon g  th e  z a x is  so th a t th e  components o f  
th e  v ec to r s  in  th e z d ir e c t io n  a l l  have th e va lue one. S ince an in -p la n e  
deform ation cannot in v o lv e  th e  p^ o r b it a l ,  th ere  can be no r e h y b r id isa tio n  
a sso c ia te d  w ith  t h is  m otion. For th e  Benzene m olecu le, th e  hydrogen atom i s  
known '^*'*^  ^ to  be a t th e  p o s it iv e  and o f  th e  CH d ip o le , as th e  num erical 
va lu e o f  th e  e f f e c t iv e  d ip o le  should  be g rea te r  fo r  a than fo r  a
deform ation .
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Spedding and Whiffen^^^^^ have in terp re ted  th e Benzene in t e n s it y  
data in  terms o f  bond p ro p er tie s  on th e b a s is  o f  th e  sim ple bond moment 
h y p o th e s is . They ob tained  two d if fe r e n t  va lu es fo r  th e  e f f e c t iv e  CH 
bond moment; namely 0 . 31D fo r  th e deform ation, and O.6ID fo r  th e  
deform ation . The net e f f e c t  i s  to  make the e f f e c t iv e  CH d ip o le  more 
p o s it iv e  in  th e m otions by an amount 0 . 3D. For Hexadeutero Benzene, 
th e va lue fo r  th e e f f e c t iv e  bond moment i s  l e s s  than th e bond 
moment by an amount 0 .3D .
. A re h y b r id isa tio n  moment o f  th e  same order b f magnitude as in  the
J
case o f  Benzene i s  expected  fo r  H exafluoro Benzene s in c e  such a moment 
w i l l  in v o lv e  on ly  th e TT e le c tr o n s  a s so c ia te d  w ith  th e carbon nucleus and 
w i l l  th e r e fo r e  be alm ost independent o f  a su b s titu e n t  o f  th e  Benzene r in g .
In  Benzene, i t  i s  known th a t th e hydrogen atom i s  a t th e  p o s it iv e  end o f  a 
moving CH d ip o le , and i t  seems most l i k e l y  th a t in  H exafluoro Benzene, the  
f lu o r in e  atom i s  a t th e  n eg a tiv e  end o f  a moving CF d ip o le .  In Benzene, 
because th e  e f f e c t  o f  r e h y b r id isa t io n  i s  to  make th e  hydrogen atom appear 
l e s s  n e g a tiv e , th e  e f f e c t iv e  d ip o le  i s  g rea te r  fo r  a than fo r  a P
deform ation . In  H exafluoro Benzene, th e  e f f e c t  o f  r e h y b r id isa t io n  i s  to  
make th e  f lu o r in e  atom appear l e s s  n eg a tiv e  a ls o ,  so  we expect th e  e f f e c t iv e  
d ip o le  fo r  a to  be l e s s  than fo r  a P^p deform ation .
The in te r p r e ta t io n  chosen^^^^^ o f  th e  in t e n s i t y  data o f  Hexafluoro  
Benzene g iv e s  a va lu e fo r  th e e f f e c t iv e  d ip o le  fo r  th e  p^^ deform ation which 
i s  0 . 3D g rea te r  than th a t fo r  th e  'yQp deform ation . The o p p o ^ te  d ir e c t io n  
o f  th e  moment i s  due to  th e  d if f e r e n t  d ir e c t io n  o f  a CF d ip o le .
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S e c tio n  7 «2 A bsolute I n te n s i t ie s  o f  Combination Bands
Symmetry co n sid era tio n s  show th a t i s  r e sp o n sib le  fo r  th e in fr a  
red ab sorp tion  r e s u lt in g  from th e o u t-o f-p la n e  fundam entals, and ^ and 
yjLy are re sp o n sib le  fo r  th a t r e s u lt in g  from t h e ir  b in ary 'com b in ation s,
I f  v|j^  and are th e e ig en  fu n ctio n s  corresponding to  th e  two 
d if fe r e n t  s ta t e s  ch a ra c te r ised  by q'uantum numbers  ^ and ^  r e s p e c t iv e ly ,  
and ijj ^  i s  th a t corresponding to  th e s t a t e  ^  2 ’ then th e  e f f e c t  o f  a 
symmetry op era tio n , S, i s  g iven  by
Thus th e ch aracter o f  ^   ^ fo r  an op era tion  S i s  g iven  by the product o f  
th e corresponding ch aracters fo r  Ip  ^ and ip  ^ -  the ch aracter r e p re se n ta tio n  
o f  ip^ i s  th e  d ir e c t  product rep re se n ta tio n  o f  th e  co n stitu en t w avefu n ction s. 
I f  p   ^ and p 2  non-degenerate s ta t e s  then p   ^ w i l l  be nondegenerate.
I f  th e  fundamental s t a t e s  are degenerate then th e  r ep re se n ta tio n  o f  th e
m u ltip ly  e x c ite d  s t a t e  may be red u c ib le  and th e  c o n stitu e n t ir r e d u c ib le  
rep re se n ta tio n s  may be deduced u s in g
4  / j
2 : a  " X . (S )  3 C  (S )
s
where a.^ i s  th e  number o f  tim es th e i^^ ir r e d u c ib le  rep re se n ta tio n  
appears in  th e reduced form.
A , (S) i s  th e  ch aracter fo r  th e  elem ent S in  th e ir r e d u c ib le  r ep re se n ta tio n
r , -
r
^(s) i s  th e  ch aracter fo r  th e elem ent S in  th e red u cib le  r e p r e se n ta tio n .
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The com bination bands o f th e  v ib r a tio n s  o f Benzene are s tro n g .
They appear in  th e  reg ion  o f  about 1700-2000 cm \  which i s  r e la t iv e ly
fr e e  from fundamental a b so rp tio n s, and t h e ir  in te r p r e ta t io n  i s  w e ll known 
F i 17 118 I I9 I ^ The in t e n s i t y  measurements o f  such com bination bands,
F i20 121Ihowever, have been reported  by on ly  a few authors^  ^ A f u l l  and ■
exact treatm ent o f  th e  in t e n s i t i e s  o f  th e se  com bination bands would 
in v o lv e  th e  in tro d u ctio n  o f a wide v a r ie ty  o f  cubic p o te n t ia l con stan ts  
and second d e r iv a tiv e s  o f  th e  d ip o le  moment fu n c tio n . The com bination  
bands agree q u ite  c lo s e ly  w ith  th e sum o f  th e  fundamental freq u en c ie s , 
which su g g ests  th a t th e p o te n t ia l  fu n c tio n  does not con ta in  e x c e p t io n a lly  
la r g e  cub ic c o n sta n ts , so th e se  are n e g le c te d . Their unimportance i s  due 
to  the fa c ts
( i )  th a t none o f  th e combining fundam entals (antisym m etric to  the
r in g  plane) can have th e  same symmetry as th e com bination le v e l
(symmetric to  th e r in g  p la n e ) .
( i i )  th ere  are no fundam entals o f  th e  co rrect symmetry in  th e range
I7OO-2OOO cm which could  in te r a c t  w ith  th e com bination le v e l
(Fermi reso n a n ce). This e f f e c t  may be presen t below 1700 cm \
From q u a n tita t iv e  measurements on Benzene i t  has been su ggested  th a t
th e important q u a n tity  governing th e in t e n s i t y  o f  the com bination bands
i s  a very  h igh  va lu e o f  th e  second d e r iv a tiv e  . o f  th e  d ip o le  moment w ith
2
resp ect to  th e o u t-o f-p la n e  CH deform ation .
I t  would a ls o  be in ap p rop riate fo r  in te r p r e t in g  r e s u lt s  o f  the  
presen t accuracy to  r e ta in  a l l  seven  re lev a n t second d e r iv a tiv e s  o f  the  
d ip o le  moment fu n c tio n . Those in v o lv in g  e x p l i c i t l y  d is to r t io n  o f  th e  
carbon sk e le to n  are th e r e fo r e  om itted . The carbon su b s titu e n t  bond moves 
w ith  very  sm all am plitude during a v ib r a tio n  -  th e  carbon su b s titu e n t
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has almost no effect upon the absorption intensities. Above 15OO cm , 
absorption arises predominately from the C-H distortion.
This leaves three terms proportional to the second order of the 
C-H bendings. The distortion is measured from the external bisector of 
the ring angle, and the coefficients retained are of the form
-s 2
à  JO .  with 'V defined by
""o 7T .  =  -  Z j )  +  +  2 j + i ^
Symmetry requires that the dipole arising from the terms in
along the bisector of the angle betweeii the j and k position 
and the ring centre. Added vectorially,the retained terms contribute 









/ ^ y  = • • •  2' ' ( 2- ï l  + X 2 - 7 3 - 2 7 4  - 7 5  + 7 5) (  A
^ 7
J
+  32.2 ^ ( 7 ^ 7 2  - 7 3 X 4  - 7 4 T 5  + 7 ô7 i)
V 7 j  ° 7 j+ i
 ^ (71X3 -72T4 -  2737$ -74X5 ■^7571 + 27672)/
3 j 7 j+2
(2)
To compute th e t r a n s it io n  moment, th ese  must he transform ed in to  the
symmetry co o rd in a te s .
I t  can be shown [ 17] th a t ,  n e g le c t in g  anharm onicity, band a r e a /
, V : + /  3 2  \ 2
This i s  r e a d ily  transform ed in to  an ex p ressio n  in v o lv in g  th e  symmetry 
co o rd in a tes , s in c e
/  \  A i  y v A , i
m,n i,ra j ,n  n
202
Section 7.3 A Discussion of the Combination Bands Observed
fo r  th e  F lu orin e S u b stitu ted  Benzenes
S in ce both th e  o u t-o f-p la n e  and th e  in -p la n e  fo rce  f i e l d  fo r  a 
s e r ie s  o f  f lu o r in e  s u b s t itu te d  Benzenes have been s u c c e s s fu l ly  derived  
by assum ing th a t s im ila r  in te r n a l coord inate deform ations in  s im ila r  
environments in  d if f e r e n t  m olecules req u ire  th e  same fo r c e , an obvious 
approach to  th e a n a ly s is  o f  th e  com bination bands o f  t h i s  s e r ie s  would
be to  asèume th a t bond moments and bond moment d e r iv a tiv e s  are tr a n s fe r a b le  
between s im ila r  m o lecu les .
The H^-raatrix data provided by th e normal coord inate a n a ly s is  
o f  th e  o u t-o f-p la n e  v ib r a tio n s  o f  th e  f lu o r in e  su b s t itu te d  Benzenes^^^^ 
can be used w ith  co n fid en ce . Three m olecules o f  t h is  s e r ie s  were not 
s tu d ied  in  the p resen t work.
H exafluoro Benzene has no C-H bonds.
P en taflu oro  "Benzene has on ly  one C-H bond, do th e on ly  com bination band
i s  th e  overtone o f  th e  fundam ental.
Because 1 , 2 ,4  t r i f l u c r e  Benzene has C^  symmetry, th e sp ec tra  are complex.
Of th e  n ine m olecules to  stud y
* Benzene
1.2  d if lu o r o  Benzene
1.3 d if lu o r o  Benzene
* 1 ,4  d if lu o r o  Benzene
* 1, 3 ,5  t r i f lu o r o  Benzene
1. 2 . 3 .4  te tr a f lu o r o  Benzene
1. 2 . 3 .5  te tr a f lu o r o  Benzene
* 1 , 2 , 4 ,5  te tr a f lu o r o  Benzene.
th e  four marked w ith  an a s t e r is k  are o f  h igh  symmetry, which l im it s  th e  
p o s s i b i l i t i e s  fo r  com bination bands, and g r e a t ly  s im p li f ie s  th e  sp e c tr a .
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Benzene i s  th e  on ly  m olecule to  have been in v e s t ig a te d  thorough ly .
The a b so lu te  in t e n s i t y  o f  th e  com bination bands have been measured
in  both gas and liq u id  p h ases.
r I20l  .Gas phase measurements were made by Dunstan and Whiffen^ u sin g
a 1-m etre fo ld ed -p a th  c e l l .  N itrogen  to  a p ressure o f  700 mm was added to  
g iv e  s u f f i c ie n t  pressure broadening* Some d i f f i c u l t y  was experienced  w ith  
ab sorp tion  o f  Benzene vapour in s id e  th e  c e l l ,  so  th a t th e pressure grad u a lly  
f e l l  a f t e r  th e c e l l  was f i l l e d .  This tro u b le  was reduced by a llo w in g  the  
c e l l  to  come to  eq u ilib riu m  w ith  Behzene vapour b efore a b r ie f  pumping and 
f i l l i n g  to  th e d es ired  p ressu r e . Measurements a t f iv e  or more p ressu res  
were taken fo r  each band.
r 12l l 'Measurements in  CS  ^ s o lu t io n  were made by Kakiuti^ u s in g  a l iq u id  
c e l l  w ith  KBr p la t e s .
V e r if ic a t io n  o f th e se  in t e n s i t y  v a lu es was not considered  n ecessa ry .
- In t h is  work, th e  in t e n s i t i e s  were measured on a Perkin-Elm er 325 ■
g r a tin g  sp ectrom eter , u s in g  a s p e c tr a l s l i t  w idth o f  0 ,6  cm"  ^ fo r  gas 
phase, and 0 .7 5  cm  ^ fo r  l iq u id  phase s p e c tr a .
A gas c e l l  was con stru cted  which c o n s is t s  o f  a g la s s  cy lin d e r  9*79 cm 
lo n g , w ith  KBr windows se a le d  w ith  se la sto m er . The c e l l  i s  evacuated and 
f i l l e d  v ia  a g r e a se le s s  ta p .
The sample i s  contained  on a g la s s  vacuum l i n e .  B efore lo a d in g  i t  
in to  th e  c e l l ,  i t  i s  degassed , by fr e e z in g  to  l iq u id  n itro g en  tem perature, 
pumping on th e  frozen  sample, and then  a llo w in g  i t  to  warm to  room tem perature. 
The sample i s  rep ea ted ly  fro zen , pumped on, then  warmed u n t i l  no gas bubbles 
appear w hile i t  i s  warming. I t  i s  then  a llow ed  to  evaporate in to  th e  gas 
c e l l ,  and the tem perature and p ressure are n o ted . The pressure i s  measured 
u sin g  a mercury manometer, w ith a t r a v e l l in g  m icroscope, open to  th e gas on 
one s id e ,  w hile  th e  o th er i s  under co n tin u a l vacuum pumping.
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F ir s t ly ,  a spectrum o f  th e evacuated c e l l  i s  recorded , then  th a t o f  
th e  sample p lus c e l l ,  and f in a l l y ,  th e  sample beam i s  b locked o f f  and the  
100^ ab sorp tion  tr a c e  recorded . A very  important po in t to  note i s  th a t as 
th e  c e l l  has to  be removed from th e  spectrom eter to  in troduce th e sample, 
i t  i s  n ecessa ry  to  ensure th a t i t  i s  always rep laced  in  th e  same p o s it io n .
The l iq u id  c e l l  used throughout c o n s is te d  o f  two KBr p la t e s ,  w ith  a 
c e l l  th ick n ess  o f  .5O8 mm, p r e c is e ly  determ ined by th e u sual in te r fe r e n c e  
method.
Spectra in  th e range 25OO-I5OO cm  ^ were recorded fo r  th e  pure l iq u id  -  
th e reg ion s o f  in t e r e s t  have been redrawn [F igu res 7*1 -  7 . 8] .
Spectra  were recorded fo r  each sample in  CGl^ s o lu t io n  a t two 
co n cen tra tio n s .
Other workers have observed th a t th e se  sp ec tra  a l t e r  when CH^ CN i s  
added to  th e s o lu t io n .  For th o se  bands which a r is e  from a deform ation,
th e  contour i s  f la t t e n e d  and broadened, and th e p o s it io n  o f  th e  band s h i f t s ,  
u su a lly  to  h igh er frequency . The e f f e c t  i s  most pronounced in  m olecules  
o f  h igh  symmetry. Because t h is  phenomenon i s  not y e t f u l l y  understood -  
i t  could  be exp la in ed  as conlplexing o f  some form -  one must e x e r c is e  cau tion  
where one has seem ingly  n eg a tiv e  ev id en ce . U n til th e  nature o f  th e  e f f e c t  
i s  known, i t  i s  d i f f i c u l t  td  d ecide how many moles o f  CH^ CN to  add per mole 
o f  sam ple. I f  one v is u a l i s e s  a TT-com plex, w ith  a CH^ CN m olecule above and 
below  th e  r in g  p lan e , th e n 'a  r a t io  o f  two moles o f CH^ CN to  one mole o f  
sample i s  s u ita b le  fo r  a t r i a l  run. Spectra c f  sample + CH^ CN + CCl^ were
recorded , a t various con cen tration s o f  CH^ CN, fo r  every  sam ple.
The sp ectra  o f  Fluoro Benzene, 1 ,2  and 1,3  d if lu o r o  Benzene are s im ila r .  
[F igu res 7 . 1, 7 . 2 , 7 . 3] .  The r e la t iv e l y  h igh  number o f  p o s s i b i l i t i e s  fo r  
th e  com bination o f  bands a r is in g  from 'J' j^^de format ion  -  due to  th e  number
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o f  CH bonds and th e  low symmetry -  r e s u lt s  in  complex sp ec tra , w ith much 
overlap p ing  o f bands. A dd ition  o f  CH3CN to  th e s o lu t io n  causes a l l  the  
stro n g  bands to  s h i f t ,  but because the m olecules have on ly  0^^ symmetry, 
th e  e f f e c t  i s  sm a ll.
In 1 , 2 , 3 ,4  te tr a f lu o r o  Benzene, a sm all s h i f t  in  frequency i s  observed  
fo r  th e  two com bination bands on a d d itio n  o f  CH^ CN, but i t  w i l l  be
d i f f i c u l t  to  measure th e in t e n s i t y  o f  the band s,t 1743 cm  ^ [F igure 7 . 6] .
The sp ectra  recorded fo r  1 ,4  d if lu o r o  Benzene are d iscu sse d  f u l l y  la t e r .
S uperim position  o f  sp ec tra  at th ree  con cen tra tion s o f  CH^ CN shows no 
s h i f t  in  frequency fo r  th e  bands o f  in te r e s t  in  1, 3 ,5  t r i f lu o r o  Benzene,
1 , 2 , 3 ,5  t e tr a f lu o r o  Benzene and 1 , 2 , 4 ,5  te tr a f lu o r o  Benzene [F igu res 7 . 5 ,
7 *7 , 7 . 8] .  In each ca se , th e com bination band i s  overlapped by very  
stron g  bands o f  low er frequency. Not on ly  w i l l  i t  be d i f f i c u l t  to  
approximate to  th e  band contour, but i f  the w avefunction o f  th e  com bination  
band i s  o f  the same symmetry as th e w avefunction  o f  a fundam ental, then  
provided th e  d if fe r e n c e  in  energy o f th e  two v ib r a t io n a l l e v e ls  i s  sm a ll, 
th ere  w i l l  be a p ertu rb ation  o f  th e energy l e v e l s ,  and th e weaker band may 
ga in  in t e n s i t y  from th e  stro n g er  [ s e e  S ec tio n  6 . 7] .  This f e e l in g  th a t th e  
in t e n s i t y  o f  t h e s e ’com bination bands’ i s  enhanced by resonance, i s  borne 
out by a c o n s id era tio n  o f  th e  w eight o f  sample needed. The con cen tra tion  
o f  sample per ml o f  s o lu t io n  i s  c a r e fu l ly  c a lc u la te d , so th a t th e  value o f  
lo g  ( i g / l )  a t th e maximum o f  th e  s tr o n g e s t  band i s  th e same, w ith in  reason , 
fo r  each spectrum . I t  i s  thus m eaningful to  compare th e  molar co n cen tra tio n s .
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-2  -1Fluoro Benzene = 3.231 % 10 moles ml
1.2  d if lu o r o  Benzene = 1.879 x 10 ^
1.3  d if lu o r o  Benzene = 2 .224  x 10 ^
_2
1 .4  d if lu o r o  Benzene = 1.226 x 10 
1, 3 ,5  t r i f lu o r o  Benzene = 4*679 x 10 ^
_21. 2 . 3 .4  te tr a f lu o r o  Benzene = 2.242 x 10
1 . 2 . 3 .5  te tr a f lu o r o  Benzene = 7 *616 10 ^
1. 2 . 4 .5  te tr a f lu o r o  Benzene = I . I 4 8  f: 10”^
L iquid  c e l l s  can be f i l l e d  very  ra p id ly , w h ils t  th ere  i s  a tim e d e la y  
in vo lved  in  a llo w in g  th e gas c e l l  to  come to  eq u ilib riu m  w ith the vapour 
o f  th e  sam ple, b efore  f i l l i n g  to  th e d es ired  p ressu re . A lso , comparison 
o f  s o lu t io n  sp ec tra  w ith  sp ectra  o f  s o lu t io n  + CH^ CN y ie ld s  va lu ab le  
in form ation . For th ese  reason s, a l l  th e  exp lora tory  work was done in  • 
the l iq u id  phase.
The most accu rate  va lu es fo r  th e a b so lu te  in t e n s i t ie s  o f  th e  com bination  
bands, however, come from measurements in  th e gas phase. In a d d itio n , 
vapour phase contours are o f  co n sid erab le  importance in  a s s ig n in g  th e  
symmetry s p e c ie s  o f  a band.
Band areas o f  sp ectra  recorded u s in g  a path len g th  o f 10 cm and a 
co n cen tra tion  dependent upon th e vapour p ressure o f  th e  sample a t room 
tem perature are too  sm all fo r  accu rate  work. C onsideration  o f  the equation
'lo g  ^ —  j  = constant
shows two ways o f  improving the ( l^ / l)  r a t io .  The con cen tration  can be 
in creased  by lo a d in g  th e  c e l l  and keep ing th e  sample chamber o f  the  
spectrom eter a t a h igh er tem perature. Vapour p ressure data fo r  th e se  
m olecules would be u s e fu l ,  but i t  appears to  be a v a ila b le  on ly  fo r  Benzene 
and Fluoro Benzene. Use o f  h ea tin g  ja c k e ts^ e tc ,c a n  lead  to  u n c e r ta in t ie s  
in  th e  co n cen tra tio n . The path len g th  can be in creased  by u s in g  a 1-m etre
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fo ld ed -p a th  c e l l .
I t  i s  d e s ir a b le  to  make measurements a t  a maximum o f  f iv e  p r e ssu r e s . 
Ihking the 1736 cm band o f 1 ,4  d if lu o r o  Benzene a s  an example, one needs 
to  be ab le  to  in cr ea se  the ( l ^ / l )  r a t io  by a fa c to r  o f 7*5 to  a llow  
s u f f i c ie n t  la t i tu d e  to  make a l l  o f  th ese  measurements.
IN THE TABULATIONS OF THE COMBINATION BANDS POSSIBLE IN A GIVEN 





The observed frequencies in cm  ^ used for the out-of-plane vibrations
Fluoro
Benzene
1 ,2  d if lu o r o  
Benzene
1 ,3  d if lu o r o  
Benzene
1, 4 d if lu o r o  ‘ - 
Benzene
Ag 970 1 .0 ^2 982 0 .8 ^2 879 1 .0 800 1.0
826 1 .0 840 0 .8 599 1 .0 928 1 .0
405 1 .0 703 1.0 251 1 .0 692 1.0
997 1 .0 ( 555) 0 .0 978 1 .0 375 1.0
894 1 .0 198 1.0 853 ' 1 .0 Au 943 1.0
754 1 .0 ®1 929 1.0 • 769 1 .0 405 1.0
685 1.0 749 1.0 672 1 .0 "3u 836 1.0
500 1 .0 450 1.0 458 1 .0 508 1 .0
242 1 .0 298 1.0 235 1 .0 157 1.0
1, 3 ,5  t r i f lu o r o  
Benzene
1, 2 , 3 ,4  t r if lu o r o  
Benzene
1, 2 , 3 ,5  t r if lu o r o  
Benzene
1 ,:2, 4 ,5  t r i f lu o r o
Benzene
Ag 847 1.0 A2 922 0 .5 4 838 0 .8 417 1 .0
664 1 .0 717 0 .5 (558) 0 .0 835 0 .8
206 1 .0 537 0 .8 258 1 .0 (685) 0 .0
e " 858 0 .5 374 1 .0 843 i . o 295 1 .0
595 1 .0 169 1 .0 706 1 .0 (679) 0 .0
253 1 .0 1^ 802 1 .0 610 1 .0 ( 120) 0 .0
596 1.0 368 0 .8 . A 868 1 .0
286 0 .8 205 0 .8 457 1 .0  \






1900 1800 1750 1700 1650
cm-1
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Infra red active combinations
= 4 4 X =
Ag X Ag = 4 4 X =
Bi X = 4 X ®2
Bg X Bg = ^1 ^2 X Bi = ^2
Combination bands p o s s ib le fo r  Fluoro Benzene in  the range 1985 - 1660 cm
826 + 1156 = 1982 *826 + 221 = 1823 =2
520 + 1460 = 1980 806 + 1009 = 1815 b
m .  + 1220 = 1974 520 + 1290 = 1810
*970 + 991 = 1967 ®2 221 + 806 = 1803 B
80 6 + 1156 = 1962 ®2 *270 4- 826 = 1796 A ) Fermi 
) Resonance?*970 + 270 = 1940 b *824 + 894 = 1788 A
6 i 5 + 1323 = 1938 b 124 + 1020 = 1774 B
894 + 1020 = 1914 615 + 1156 = 1771 A ,32
1156 = 1910 124 + 1009 = 1763 B
§§1  + 1220 = 1905
I 242 + 1499 = 1741 B
615 + 1290 = 1905 b 520 + 1220 = 1740 A
405 + 1499 = 1904 Bg 422 + 1323 = 1728 A '%1
894 + 1009 = 1903 *754 + 970 = 1724 =2 ) Fermi
826 + 1066 = 1892 *826 + 821 = 1720 ®2 ] Resonance?
806 + 1066 = 1872 ®2 222  + 1220 = 1720 B
422 + 1460 = 1865 ^ - v 682 + 1020 = 1705 B, 0  1
*970 + 824 = 1864 ®2 894 + 806 = 1700 B
520 + 1323 = 1843 0 422 + 1290 = 1695 A
682 + 1156 = 1841 : i 682 + 1009 = 1694 B
242 + 1597 = 1839 615 + 1066 = 1681 • A
615 + 1220 = 1835 520 + 1156 = 1676 A ’^2
806 + 1020 = 1826 b
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Figure 7 .2




1950 18001900 1750 . 16501700
cm-1
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Infra red active combinations
X = A^  
Ag X Ag = A^  
X = A^  
B  ^ X B  ^ = A^
A^  X B^  = B^  
Ag X Bg = B^  
A^ X B g  =  B g  
Ag X = Bg
Combination bands p o s s ib le  fo r  1,2 d if lu o r o  Benzene in  the range 1965-I66O cm-1
m  + 1514 = 1964 228 + 1514 = 1812 b
*982 + 2^  = 1964 b 228 + 1609 = 1807 . b
857 + 1103 = I960 b 703 + 1103 = 1806 b
440 + 1514 = 1954 b 287 + 1514 = 1801 b
2 2 2  + 1025 = 1954 b 762 + 1025 = 1787 °  ^1
840 + 1103 = 1943 b 565 + 1214 = 1779 b
22Ê + 1625 = 1923 b m + 1025 = 1774 b
703 + 1214 = 1917 b (222) + 1214 = ( 1769) b
762 + 1155 = 1917 b 422, + 1313 = 1763 b
287 + 1625 = 1912 b 440 + 1313 = 1753 b
*982 + 22£  = 1911 b 287 + 1464 = 1751 b
742  + 1155 = 1904 b 440 + 1292 = 1732 b
440 + 1464 = 1904 *982 + 742  = 1731 b
287 + 1609 = 1896 b m + 1277 = 1727 b
857 + 1025 = 1882 b 565 + 1155 = 1720 b
565 + 1313 = 1878 b 440 + 1277 = 1717 b
762 + 1103 = 1865 b 857 + 837 = 1714 b
546 + 1313 = 1859 b 546 + 1155 = 1701 b
565 + 1292 = 1857 b 840 + 857 = 1697 b
(222)+ 1292 = 084^1 b 762 + 2 E2  = 1691 > b
565 + 1277 = 1842 *703 + 2^  =1685 .. . A, )F
982 + 857 = 1839 *840 + 840 = 1680 b l R
546 + 1292 = 1838 b 565 + 1103 = 1668 b
.546 + 1277 = 1823 b 22Ê + 1464 = 1662 b






1950 1900 1850 1800 1750 1700 1650
V cm-1
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In fr a  red a c t iv e  com binations
X = A^  
^2 X Ag = A^
X =  A^
B2 X B  ^ = A^
A^ X B^ =  B^ 
Ag X Bg = B^  
A^ X B g  =  B g  
A2 3C B^  = B2
Combination bands p o s s ib le  fo r  1,3 d if lu o r o  Benzene in  th e range
1980 -  1680 cm 1
0
954 + 1008 = 1962 =2 735 + 1066 = 1801 4
672 + 1286 = 1958 Bi c> 514 + 1286 = 1800 Bg
*978 + £78 = 1956 Al 331 + 1456 = 1787 b
331 + 1608 = 1939 478 + (1307) = ( 1785). b
478 + 1456 = 1934 524 + (126O) = ( 1784) B2
853 + 1066 = 1919 Bi 76£  + 1008 = 1777 Bi
458 + 1456 = 1914 Bi 514 + (1260) = 1774 4
954 + 954 = 1908 ^1 478 + 1286 = 1764 B2
599 + (1307) = (1906) Bi *879 + 8T£ = 1758
735 + 1158 = 1893 Bg 599 + 1158 = 1757 Bi
*879 + 222 = 1875 B2 *769 + £78 = 1747 b
853 + 1008 = 1861 Bi 2£1 + 1493 = 1744 Bi
899 + ( 1260) = ( 1859) Bi 4^  + 1286 = 1744 Bi
281 + 1608 = 1859 Bi 735 + 1008 = 1743 b
735 + 954 = 1858 B2 478 + (126O) = ( 1738) 4
238 + 1608 = 1843 Bi : ■ ■ 672 + 1066 = 1738 Bi
•. 769 + 1066 1835 - : *853 + 8T£ = 1732 Bg
879 + 954 = 1833 Bi £22  + 1123 = 1722 Bi
524 + (1307) = (1831) B2 , 278 + 735 = 1713 Bi
331 + 1493 = 1824 B2 *853 + 8^3 = 1706 ^1
514 + (1307) (1821) Al 235 + 1456 = 1691 Bi





1900 1850 1800 16501750 1700
n) cm-1
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Infra red active combinations
^1g




®1g = ^ u ®3e
X ®1u = ^2u
X ^3u “ ®1u b g X ^3U = V
X ®2u = V Au X ®3g = V
^ 1g
X =2U = ®2u ^1g
X ®2u = ®3u
X
®2g = V
X ®1u "  ®3u
Combination bands possible for 1 ,4  difluoro Benzene in the range 195Q-1665 cm-1
9 2 8 + 1 0 1 2 = 1940 ®3u m + 1617 = 1774 ®3u
(849) + 1083 = ( 1 9 3 2 ) =2u * 8 3 6 + 9 2 8  = 1 7 6 4 ^ 1U
692 + 1225 = 1917 ^3u + 1245 = 1753 ^3u
m + 1511 = 1886 ®3u *800 + 943 = 1743 c) ®1u
800 + 1083 = 1883 ®3u (451) + 1285 =(1736) ®2u ’®1u
740 + 1142 = 1882 ^1U 63 5 + 1083 = 1718 ®1u
(451) + 1425 = ( 1876) ®1u ’ ^2u + 1012 = 1704 ®3u
*928 + 943 = 1871 ^2u 405 + 1 2 8 5  = 1 6 9 0 ®3u
(849) + 1012 = ( l 86 l) ®1u 836 + (849) = (1685) ®3u





1800 1750 1700 1650
V cm-1
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Combination bands possible for 1 , 3 ,5  trifluoro Benzene in the range 
1820 -  1620 cm"^




+  A ^  4- A g
5 0 0  + ( 1 3 0 0 ) = ( 1 8 0 0 ) E *
ft ff ff
1475 = 1728 E + A ^  +  A g
ft ft ft
1 1 2 2 = 1717 E + +  ^ 2




A l  - * " ^ 2
*  8 4 7  + ( 8^ = ( 1 7 0 5 )
t
E
' 578  + 1 1 2 2 = 1 7 0 0
t
E
5 0 0  + 1 1 8 0 = 1 6 8 0
T
E
3 2 6  + 1 3 5 0 = 1 6 7 6
t
E











Infra red active combinations
X b ■ ^1 b X B^ = b
Ag X Ag = A2 X B g = b
X =1 = ^1 4 X B g = B g
B g  X = ^1 ^2 X B^ = B g
Combination bands p o ss ib le for  1>2 , 3 )4 te tra flu o ro Benzene in  the range
18.90 _ 1670 — 1cm
604 + 1271 = 1875 ®2 (m) + 1243 = ( 1780) b
+ 1271 = 1867 B 604 + 1165 = 1769 b
802 + 1050 = 1852 - B 490 + 1278 = 1768 b
684 + 1165 =  1849 A 596 + 1165 = 1761 b
604 + 1243 =1847  • A 490 + 1271 = 1761 b
(922) + (922) =(1844) A 748 + 991 = 1739 b
325 + 1517 = 1842 ®2 458 + 1278 = 1736 b
490 + 1331 = 1821 ®2 . 684 + 1050.=, 1734 , . Ai
291 + 1525 = 1816 490 + 1243 = 1733 b
( 537) + 1278 =(1815) B 458 + 1271 = 1729 b
(286) + 1525 =(1811) B *802 + (922)= (1724) b
291 + 1517 = I8O8 A (717) + 991 = ( 1708) b
279 + 1525 = 1804 A 458 + 1243 = 1701 b
169 + 1634 = 1803 B 1^ + 1517 = 1686 , b
748 + 1050 = 1798 % 154 + 1525 = 1679 b
279 + 1517 ~ 1796 ®2 684 + 991 = 1675 b
458 + 1331 = 1789 b 748 + (922)= (1670) b
+ 1634 = 1788 b
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F igure 7.7







Infra red active combinations
X = A - A^  X
Ag X Ag = A^  Ag X Bg = B^
B^ X B^ =  A^ A^ X B g  =  B g
B g  X B g  =  A^ A g  X B^ =  B g
Combination bands p o s s ib le  fo r  1, 2 , 3 ,5  te tr a f lu o r o  Benzene in  th e range 
l 8 lO -  l 680 cm ^
( 277) + 1531 = (18O8) (558) + 1179 = ( 1737) b
334 + 1466 = 1800' - ( 205) + 1531 = ( 1736) b
788 + 1002 = 1790 b + 1466 = 1724 b
.139 + 1642 1781 b • 445 + 1273 = 1718 b
505 + 1273 = 1778 b 334 + 1384 = 1718 b
310 + 1466 = 1776 b 578 + 1130 = 1708 A
638 + 1130 1768 • "  638 + 1056 = 1694 A
578 + 1179 = 1757 b . 310 + 1384 = 1694 A
( 368) + 1384 = (1752) b 445 + 1247 = 1692 A
505 + 1247 = 1752 b + m = 1686 A
(297) + 1466 = (1743) A, 505 + 1179 = 1684 A






1800 1750 1700 1650 1600 1550
cm-1
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Infra red active combinations
X ®1u ®1g ^ ®3u = ^2u
X
^1g = ^1U "3g = V
X
®3U " ®1u ■*^ 1g ^ ®3u = ®3u
®3g
X ®2u = V ^ ®3g = ®3u
X ®2U = V ®1g = ®3u
^2g = ®2u ®2g - V = ®3u
Combination bands p o s s ib le  fo r  1, 2 , 4 ,5  t e tr a f lu o r o  Benzene in  th e  range 
l 800 -  1670 cm ^
637 + 1161 = 1798
487 + 1127 = 1764 B^^
(120) + (1625) =(1745) B
2^u
3u
3 4 6  +  1374 = 1 7 2 0  B,
2 8 0  +  1 4 3 5  = 1715
487 +  1 2 2 4  = 1711 . B g ^
* (835) + ^  = 1703 B
2^u
1u
4 1 8  +  1 2 7 7  = 1 6 9 5  B,
* ( 8 3 5 )  +  8 5 3  = 1688 B
*1u
3u
2 9 9  +  1374 = 1 6 7 3  B.
o
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Of th e  e ig h t  m olecules in v e s t ig a te d ,  1 ,4  d if lu o r o  Benzene appeared 
to  he the most s u i t a b le  fo r  fu r th er  s tud y .
There are th ree  combination bands, but th a t  a t  1631.5 cm
was not s tu d ied  very c a r e f u l ly  because a d d it io n  o f  CH^ CÎT a t d i f f e r e n t  
con cen trations  d id  not cause the  band to  s h i f t .  The e f f e c t s  o f  CH^ CIT 
on the other two bands are shown in  F igures  7 .9  a^ i^d 7 . 11» which i l l u s t r a t e ,  
the e x c e l le n c e  o f  t h i s  technique fo r  p ick in g  out th ose  bands which a r i s e  
from a 'J’qjj deform ation.
The i n t e n s i t i e s  o f  th e se  two bands were measured
a) in  th e  l iq u id  phase, at two con cen trations
b) in  the  gas phase. .. .
I f  th e  shoulder a t  1877 cm i s  "drawn-out*^, and th e  wings
ex trap o la ted  as shown [F igure 7 «10] ,  th e  band at 1862 cm” "* can be "drawn" ; •'
to  approxim ately Gaussian form. S ince i n t e n s i t y  i s  a fu n c t io n  o f  lo g  ( l ^ / l ) ,
and the r a t io  o f  th e  va lue o f  lo g  ( l ^ / l )  a t  the band maximum to  that a t  the
exp er im en ta lly  observed wings (EOT the  "drawn-in" wings) i s  h igh , t h i s  i s  a
good approximation. The same approach cannot be employed with such
confidence fo r  the band at 1736 cm . Because i t s  absorption  i s  very  much
weaker than th a t  o f  the band at 1862 cm” \  the r a t io  o f  the  value o f  l o g ( l ^ / l )
a t  the band maximum, and at the wings i s  too sm all fo r  "drawing-out" o f  bands
to  be f e a s i b l e .  [F igure 7 . 12] .  Indeed, in  the  gas phase spectrum, i t
—  1i s  extrem ely d i f f i c u l t  to  "draw-out" the  absorption  a t  1772 cm , so i t  was 
■included in  the computation o f  the  i n t e n s i t y .  %
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Table 1 , 2
-1The absolute intensity of the 1862 cm band of 1,4 difluoro Benzene
Concentration  
moles cm T ""1 2mole cm
CC14 (1) 1.167 X 10"3 380.2
CCI4 (2) 1.226 X 10"3 353.3
gas 3.521 X 10 300.0
Table 7 .3
-1The a b so lu te  i n t e n s i t y  o f  the 1736 and 1757.5 cm bands o f  1 ,4  d if lu o r o  
Benzene
Concentration
moles cm-3 mole cm
CCI4 (1) 1.167 X 10-3 169.1
CCI4 (2) 1.226 X 10-3 182.9
Table 7 -4 .
-1The absolute intensity of the 1736, 1757*5 and 1772 cm bands of 




moles cm ^ , —1 2mole cm
1.167 X 10“^ 231.1








moles cm ^ -1 2 mole cm




Whilst the  a b so lu te  i n t e n s i t y  measurements are u s e le s s  fo r  
es t im a t io n  o f  bond moments and bond moment d e r iv a t iv e s ,  th ey  do g ive  
an idea  o f  th e  magnitude.
The work done so fa r  in d ic a te s  that l e s s  inform ation i s  a v a i la b le  
than one would have hoped. Thus th e  number o f  second d e r iv a t iv e s  o f  
the  dipole-moment fu n c t io n  which can be r e ta in e d  i s  l im it e d .  I  would 
suggest  that, important terms are
/HH
2
S e c t io n  7 «4 i s  designed  to  show th a t  the  t e r r i f y i n g  symbolism 
introduced in  S e c t io n  7«2 i s  a c t u a l l y  very  sim ple to  understand when 
tr a n s la te d  in to  r e a l  numbers.
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Section 7«4 Computation of
For a combination band






.thWe need L, a  square matrix whose i ,  j element i s  1 . th e
1 » J
c o e f f i c i e n t  which r e l a t e s  th e  change in  the  i^^ in te r n a l  coordinate with
the  normal co o rd in a te .  The normal coordinate c a lc u la t io n s  y i e ld
f th e  e ig en  v ec to r  matrix in  symmetry co o rd in a te s .  The two are  
tr e la t e d  by L = U
The second d e r iv a t iv e  o f  the  d ip o le  moment fu n c t io n  can be re so lv e d  
along  th e  x and y  a x e s .
X
3 0  3
3 q.
Mm
Consider the  band at 1862 cm in  1 ,4  d if lu o r o  Benzene.
= B,2g u 2u
928 + 943 = 1871
F i r s t l y ,  L i s  computed from ^  and U,
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Symmetry Coordinates fo r  the O ut-of-P lane V ib ration s o f  1,4 d if lu o r o  Benzene
A . u
^ 1 - ^ 4
’^ 2 - %3  -"^5  
(2*1 + (2*3 - ( 2*4 -F*g
(2*2 +(2(g
-  ~S^ + 3 'g -Tfg  
(2*1 + (2* +(ZS +?*g
f ia .  3"i + 2T4
7 2^ + '*’^ 5
*2*1 - * 2*3 + ( 2*4 -* 2*6
*2*2 -*^5































-1 .1 2 0 3 0 .0
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Itistead of writing out the coefficients of the second derivatives 
of the dipole moment function in full each time, it is convenient to 





As a first approximation,
All para interaction terms are zero by symmetry considerations.
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Thus
T > y
■) = i . 5 9
I t t , — 1.836
MF
in this simple approach. ,
The idea can easily he extended to include more parameters.
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